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In this Issue 

The analog oscilloscope, all hut obsoleted for laboratory analysis applications 
by the digital or digitizing oscilloscope, refuses to die. It remains the first choice 
of engineers and technicians for troubleshooting because of its low cost, its 
easy-to-use controls, and its real-time display. Taking this as a challenge, engi- 
neers at HP's Colorado Springs Division set out to design a digitizing oscillo- 
scope that troubleshooters would not only find equal to their analog oscillo- 
scopes, but would actually prefer. The HP 54600 Series digitizing oscilloscopes 
have all the features normally associated with the full-featured 500-MHz analog 
oscilloscopes most often used for troubleshooting. They have the same band- 
width — 100 MHz — and are comparable in cost and ease of use While they're 
clearly digitizing oscilloscopes — displayed waveforms are made up of dots rather than continuous lines — 
the HP 54600 Series oscilloscopes are as quick to respond to circuit adjustments as analog oscilloscopes 
in most applications and are actually better for some tasks. What makes them preferable to analog oscillo- 
scopes, not just comparable, is the array of storage and measurement capabilities that only a digitizing 
oscilloscope can offer. Since waveform data is sampled and stored in a memory, it's possible to see data 
both before and after a trigger event, manipulate the data mathematically, and : display waveforms indefi- 
nitely without fading. Beginning with an introductory article on page 6 and ending with a head-to-head 
comparison with analog oscilloscopes for troubleshooting (page 57|, nine articles in this issue deal with 
the design of the HP 54600 Series oscilloscopes, They describe how the cost issue was addressed by a 
high level of circuit integration, the use of surface mount technology for loading printed circuit boards, a 
cast-effective mechanical package, and careful attention to the manufacturing process, including the cost 
of test time and test equipment. Ease of use was addressed in part by providing dedicated knobs for the 
main control functions instead of a menu-driven softkey user interface, although menus and softkeys were 
retained for control of the digitizing oscilloscope functions. The display rate capability was increased to a 
million points per second, fifty to one hundred times that of other digitizing oscilloscopes, by means of a 
new architecture and two dedicated integrated circuits. Waveform smoothness was improved by quadru- 
pling the number of points displayed per trace. You'll find the details of the architecture and custom ICs in 
the article on page 11, the mechanical design on page 36, and the test strategy and test system on page 
21. The production test strategy of verification rather than characterization greatly reduces the number of 
parameters that need to be measured, and new FFT-based measurement algorithms {page 29) further im- 
prove efficiency. The production test system is partly built-in and uses only two signal sources and one 
externa! instrument, a digital multimeter. On page 41 you can read about the steps taken to ensure that the 
HP 54600 Series oscilloscopes meet international and military standards for electromagnetic compatibili- 
ty — important for a troubleshooting instrument, A new way to use the storage and infinite persistence 
abilities of digitizing oscilloscopes is described in the article on page 45, Called autostore, it displays the 
latest trace at full intensity and earlier traces at half intensity so the user can seethe effects of adjust- 
ments more easily. The analog-to-digital converter used in the HP 54600 Series and other HP digitizing 
oscilloscopes is a 16-channel, 16-bit, indirect type (page 48). In addition to converting waveform samples 
to digital data, it's used for calibrating the vertical gain. 

Neural nets are computing architectures that represent an attempt to build processors modeled on the 
human brain. While current technology is far from being able to emulate even simple brain functions, neu- 
ral nets are effective for solving some problems that are difficult to solve with more conventional proces- 
sor architectures. Unlike conventional methods, which provide algorithms for computing an output given 
an input, neural net methods specify a procedure by which the net can learn haw to produce an output for 
a given input. In the article on page 62, John McShane, formerly with HP Laboratories in Bristol, England, 
gives us a brief but interesting introduction to neural nets and their applications. 
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A computer failure is frustrating for the user of that computer, but a computer network problem can resuft 
in dozens of irate users. Distributed network monitoring, with monitors spread throughout a network con- 
tinuously tracking use, detecting and logging errors and other events, and raising alarms when problems 
occur, allows a network manager to react much more quickly to network problems than the technique of 
dispatching a cable tester or protocol analyzer to look for a problem. However, the design of a distributed 
monitoring system presents challenges. As the article on page 66 explains, several megabytes of data can 
flow across each segment of a typical Ethernet local area network (LAN) every minute. It's impossible to 
keep track of it all, so the design of a monitoring system must address the questions of what data to cap- 
ture, how to process it, how to transmit it to the central station, and how to form at and display it for the 
network manager's use. The article tells how these questions were answered in the design of the HP Lan- 
Probe monitors and the HP ProbeView software, a distributed Ethernet LAN monitoring system. A case 
study of a hypothetical company network clarifies the concepts and demonstrates how the various Probe- 
View tools are used to track down an elusive fault. 

R.P. Dolan 
Editor 

Cover 

An artist's rendition of an analog oscilloscope display (background! and an HP 54600A oscilloscope display 
(foreground) of the output of a circuit designed to synchronize an asynchronous event such as a keypress to a 
microprocessor clock. The asynchronous event should appear as a high output level for one cycle of the sys- 
tem clock. However, this circuit is sensitive to the timing of the event and occasionally produces an output that 
is two clock cycles wide. This wide pulse is shown clearly by the HP 54600A but missed by the analog oscillo- 
scope. The jitter is caused by system noise near the circuit's input threshold level. The HP 54600A displays the 
true peak-to-peak limits of the jitter while the analog oscilloscope displays only the part of the jitter that occurs 
more frequently. 



What's Ahead 

The April issue will have several articles on the design and implementation of HP's family of modular, plug-in 
instruments conforming to the VXIbus instrumentation standard. This standard makes it possible to create a 
system containing instruments from different manufacturers simply by plugging cards into a mainframe. Also 
featured in the April issue will be the HP 8990A peak power analyzer, a new microwave instrument that makes 
accurate, calibration-free measurements on pulsed microwave signals, the HP 8751A 500-MHz network analyz- 
er, a fast, accurate analyzer for evaluating filters and resonators in production and the laboratory, and the HP 
82324A measurement coprocessor, a plug-in card for HP Vectra personal computers that runs HP BASIC pro- 
grams in the DOS environment 
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Low-Cost, 100-MHz Digitizing 
Oscilloscopes 

The HP 54600 Series oscilloscopes combine the convenience, familiarity, 
and display responsiveness of analog oscilloscopes with the features, 
accuracy, and measurement power of a digital architecture. 

by Robert A. Witte 



The oscilloscope has been around for a long time and is 
one «)l the mosl basic and versatile electronic test and 
measurement instruments. Fundamentally, an oscilloscope 
displays voltage as a function of time, which gives it the 
ability to view a wide variety of signals. While an oscillo- 
scope is primarily a viewing instalment, many oscillo- 
scopes are now capable of performing auiomalic quantita- 
tive measurements on a waveform. 

The analog oscilloscope has been the most common type 
of oscilloscope because of its low cost, and good display 
laiality. Digitizing oscilloscopes have been growing in 
popularity in the high-performance arena, I mi their 
relatively high prices have limited their acceptance ill 
general-purpose applications. As digitizing technology 
[sampler circuits, analog-to-digital converters, and digital 
memories) has steadily improved, the cost of digitizing 
oscilloscopes has decreased. With the introduction of the 
HP 54600 Series, the cost of a 100-MHz digitizing oscillo- 
scope is now comparable to a full-featured 100-MHz 
ajtalog oscilloscope. 

The IIP 54600A two-channel 100-MHz oscilloscope (Fig. 1) 
and the HP 54601 A four-channel 100-MHz oscilloscope 
represent a major improvement in digitizing oscilloscope 
technology and product design. The two oscilloscopes are 
identical in capability except for the number of channels. 
Both oscilloscopes have two full-range inputs (2 mV/div 
to 5\7div). hi addition, the HP 546Q1A has two limited-at- 
tenuation inputs (100 mV/div and 500 m\7div) optimized 
for use with logic signals, while the IIP 54600A has an 
external trigger input. The bandwidth of all channels is 
100 MHz. A maximum sample rate of 20 megasamples per 
second provides a 2-MHz bandwidth for capturing single- 
shot events. The S-hit analog-to-digital convener has a 
vertical resolution of 0,4%. 

These oscilloscopes also have features normally 
associated with full-featured analog oscilloscopes. These 
include delayed sweep, bandwidth limit, ac/dc coupling, 
adjustable vernier on both horizontal and vertical axes, 
trigger conditioning (ac/dc coupling, low-frequency reject, 
high-frequency reject, and noise reject) and a full-screen 
XV (channel versus channel) mode. 




Fig. I. The HP 5460QA is a two-channel 100-MHz general-purpose 

ing i isdlloscope. 



Analog Barriers 

The HP 54600 design team was given the challenge of 
developing an oscilloscope that would bring the advan- 
tages of a true digitizing oscilloscope architecture to the 
analog oscilloscope user. (Some oscilloscopes have added 
a digitizer to an analog oscilloscope system, requiring the 
user to choose between analog and digital operation. I The 
team identified three main barriers thai discourage analog 
oscilloscope users from converting to digitizing oscillo- 
scopes: 
Cost 

Rase of use 
Display confidence. 
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Cost. The cost goals Tor the HP Mf-WH) Series products 
required that these digitizing oscilloscopes be comparable 
in price to a full-featured analog oscilloscope of the same 
bandwidth and channel count. Throughout the project, the 
manufacturing cost was carefully evaluated. A high level 
of circuit integration, the use of surface mount technolo- 

iiiechanieal package, and careful 
attention to manufacturability produced a design that met 
this goal. While surface mount technology is not inherent- 
ly less expensive — the cost of the parts and the machine 
placement of these parts is about the same as the older 
through-hole technology — the use of surface mount 
to Imology allows the oscilloscope circuitry to reside on 
one printed circuit board (no! counting the keyboard, 
power supply, and display modules). For the acquisition 
processor, the design team took advantage of HP's 
CMGS-34 1 -micrometer process to produce a high-perfor- 
mance but economical design. 

Ease of Use. Previous HP digitizing oscilloscopes have 
used a totally softkey-driven approach to the user inter- 
face. This type of user interface is similar to many other 
HP instruments and does a good job of giving the oscillo- 
scope user consistent access to a large number of fea- 
lui'es. The disadvantage of such a front-panel design is 
that the user is required to navigate through several 
keystrokes and menu changes to set up the oscilloscope. 
This type of user interface has been well-accepted by 
many users, particularly those who use oscilloscopes for 
analysis and characterization tasks. However, analog 
oscilloscope users sometimes had trouble adjusting to the 
menu-driven interface. Especially in troubleshooting 
applications, the analog oscilloscope user wants easy and 
direct access to the main controls of the oscilloscope. 

The HP 5460GA and 1)460 1A use dedicated knobs for their 
primary control functions. These functions include the 
three main controls (channel 1 volts/division, channel 2 
volts/division, and horizontal time/division) as well as the 
vertical position controls, horizontal delay (position), 
i rigger level, and trigger holdoff. In addition, a general- 
purpose entry knob provides control of the measurement 
cursors and other advanced functions. Dedicated front- 
pane] keys arc assigned to the Autoscale and storage keys 
i Run. Stop. Autostore, and Erase). 

Soft key menus are used for the next level of features, 
which includes ae/dc coupling, bandwidth limit, trigger 
source, trigger mode, trigger slope, and main/delayed 
sweep. Softkey menus also control Hie advanced sel of 
features associated with digitizing oscilloscopes: automat- 
ic measurements, cursors, trace storage, setup storage, 
and printer control. 

Overall, the user interface is a good compromise, provid- 
ing easy access to the main controls while still supporting 
the advanced features that digitizing oscilloscope users 

have come to expect. 

Display Confidence. Most digitizing oscilloscope displays 
are not as responsive to signal changes as their analog 
counterparts. Typically, the waveform is processed in 
software using a microprocessor thai can cause dead 
times between acquisitions, limiting the number of wave- 
forms displayed per second. Other display problems such 
as aliasing leave the analog oscilloscope user wondering 




Fig. 2. The waveform processing technology used in the HP 54600 
family ol oscilloscopes accurately displays complex waveforms such 

as amplitude modulated signals. 

whether the displayed waveform is telling the real story. 
This is especially important in troubleshooting applica- 
tions, in which the user may not know what the signal 
looks like. (Compare this with applications in which the 
signal is known, such as the characterization of a pulse's 
rise time.) 

tn the HP 54600 Series oscilloscopes, display confidence 
is improved through the use of two integrated circuits. 
These two ICs provide a display update rate that is 
unmatched in a digitizing oscilloscope in diis price range. 
With sufficient trigger rate, the display is updated as fast 
as one million data points per second. 

Why is display update rate important.' ( me reason is that 
many applications involve the adjustment of the circuit 
being tested. A responsive waveform display lets the user 
make the adjustment very quickly. Another reason in- 
volves complex waveforms. Waveforms such as amplitude 
modulated signals and video signals are multivalued 
functions that change very rapidly. A fast display update 
rate produces a much better picture of such a waveform. 
To the analog oscilloscope user, the "correct" oscilloscope 
display is defined as the display that an analog oscillo- 
scope would produce. Fig. 2 shows the HP 5460QA 
oscilloscope display of an amplitude modulated signal. 
Aliasing has always been a problem in sampled data 
systems, and oscilloscopes are no i'v>>ption. When 
aliasing occurs, an input signal can appear on the oscillo- 
scope display as a signal of a different frequency. Since 
this is clearly an undesirable situation, the IIP ~>l'l(!(i 
oscilloscopes use HP proprietary sampling and display 
algorithms to reduce the effects of aliasing. 

Digital Storage 

Removal of these barriers was required to attract the 
analog oscilloscope user, Init what could motivate such a 
oscilloscope user to prefer a digitizing oscilloscope'.' What 
are the advantages of a digitizing oscilloscope when 
compared to an analog oscilloscope? In a word, storage. 
Storage lets the oscilloscope user capture a waveform, 
measure it, print or plot it. and transfer it to a computer. 
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Since the waveform in a di gitizin g oscilloscope is ac- 
quired in digital Form and resides in digital memory', 
measurement possibilities exisl thai are i nil available on 
an analog oscilloscope. The most obvious and simplest 
use of storage is to acquire a waveform and freeze il 
onscreen. Then the user can view the waveform or 
perform cursor or automatic measurements at a leisurely 
pace. In cases where the signal being viewed is transient 
in nature or is difficult to probe, the user can obtain the 
waveform, stop the oscilloscope, and then worry about 
i be measurement Storage is particularly useful for 
measuring single-shot events (Fig. 3), but it is also handy 
when making repetitive measurements. Analog oscillo- 
scopes with .special storage lubes can Mute waveforms, 
too. but the waveform tends to bloom or fade after a 
short period of time. A digitally stored waveform can 
remain on the display indefinitely without losing intensity 
or becoming distorted. 

Alternatively, the oscilloscope user might want to transfer 
the wave fo mi to a printer or plotter to provide a perma- 
nent hard-copy record. In this way. measurement data can 
be recorded in a laboratory notebook or used as produc- 
tion line or service documentation, ir the oscilloscope is 
connected lo a computer, the data can be transferred to 
the computer for further analysis or for incorporation into 
a document 

The applications mentioned so far are clearly storage 
operations. If we expand the notion of storage we can 
identify a few other storage advantages of a digitizing 
oscilloscope. The digitizing system of these oscilloscopes 
is normally n inning all the time. When a trigger occurs, 
there are already samples stored in memory and these 
samples represent the portion of the signal before the 
trigger event. This pretrigger viewing capability (also 
known as negative time viewing) lets the oscilloscope 
user look back in time before the trigger occurred. This 
has obvious utility Tor troubleshooting a system. Often the 
symptoms of tin failure trigger 1 1 n ■ oscilloscope after tfafi 
cause of the problem has disappeared. 

Another important digital storage advantage is fade-free 
viewing. A waveform on an analog oscilloscope has a 




Fig. 3. A digitizing oscilloscope can captun a smgte-shot transient 



tendency to fade out when the sweep speed is increased. 
while digital oscilloscopes do not suffer from ihis prob- 
lem (see article, page 57). Again going beyond the capa- 
bilities of an analog oscilloscope (and most digital oscillo- 
scopes), a special storage mode, called nulostrm . 
provides current and historical waveform information 
simultaneously (see article, page 15). The historical 
information (shown in half-bright intensity) shows the 
worst-case excursions of the waveform while the latest 
waveform is shown in full intensity. Thus, an oscilloscope 
user can monitor the waveform as it exists at that mo- 
ment and si ill not miss any temporary aberrations thai 
may have occurred in the past. Again, since the waveform 
storage is totally digital, there is none of the blooming or 
fading associated with analog storage oscilloscopes. 

Peak Detect 

Most digitizing oscilloscopes reduce the effective sample 
rate at slow sweep speeds by simply throwing awa\ 
sample points. This causes a problem because narrow 
pulses in glitches thai are easily viewabh on fast lime- 
base settings can disappear as the sweep speed is re- 
duced. A special acquisition mode called peak detect 
(also known as glitch detect ) maintains the maximum 
sample rate at all sweep speeds. In peak detect mode, 
any glitch that is 50 ns wide or wider is captured and 
displayed, regardless of the sweep speed. 

Automatic Measurements 

The days of having to count graticule lines ami compute 
measured values are gone. Since the waveform is stored 
in digital form, the microprocessor in Use oscilloscope can 
accurately and consistently perform automatic measure- 
ments on the data. Maximum, minimum, peak-to-peak, 
rms, and average voltages can be calculated. Automatic 
timing measurements include frequency, period, pulse 
width, duty cycle, rise time, and fall time. Cursors can be 
automatically placed at the measurement points so the 
user knows where the measurement is being made on the 
waveform (Fig. 4). As mentioned previously, the wave- 
form can also be transferred to an external computer if 
more complex analysis is required. 

Digital Interfaces 

Three digital interfaces are available as options. The 
HP-IB (IEEE 488. IEC 025) interface and the RS-232 
interface connect to an external computer or hard-copy 
ile>. ice (printer or plotter). The parallel (Centronics) 
interface provides only hard-copy capability. 

The parallel interface provides compatibility with printers 
(available from a variety of vendors) that support. HP PCL 
(IIP Printer Control Language) or Epson protocols. The 
parallel interface is easy to connect. There are no compli- 
cated configuration problems with either the oscilloscope 
or the printer. 

RS-'J;<2 is die industry standard interface for the personal 
computer. Oscilloscope users who want instant compati- 
bility with their PC will prefer this interface. All functions 
of the oscilloscope can be programmed via this interfere 
using easy-to-tmderstand commands. The RS-232 interface 
can also be used to transfer displayed waveforms to HP 



8 Fe-bruai} \W- Hewlett -Packard J n.il 



©Copr. 1949-1998 Hewlett-Packard Co. 




Fig. 4. Tii'- ' -I ; ; ; ei unarjcally measures the frequen 

sine wave and places the eursors automatically to show ili< measure- 
ment [i» ;iiiiiri en ilii- waveform, 

PCL and Epson-compatible printers and IIP-GL (HP 
Graphics Language) plotters. 

The HP-IB interface is the standard instrumental i< n I 
interface for large automated lesl systems. Its data 
transfer rate is better than that <tf (he RS-232 interface 
and is I he preferred interface when measurement time is 
critical. The HP-IB readily .supports multiple instruments 
connected to a single computer interface while RS-232 
usually requires a separate computer interface for each 
Instrument While RS-232 is standard on PCs. ilie HP-IB 
must usually be added as an option, although "ti is stan- 
dard on Mime high performance computer workslniiotis. 
Besides offering full programmability, the HP-IB interface 
supports hard-ropy flumps lo IIP printers and HP-GL 
plotters, 

The digital interlaces arc impienienled ;us option modules 
that attach to the rear of the oscilloscope. Since ihc 
interface 10 the option module includes n portion of the 
microprocessor bus, ROM and RAM can reside on I he 
option module. Thus, firmware associated with the 
parlioutar Interface can reside on the module. Addiiional 
features- can he added to the oscilloscope at a later dau- 
by adding a module. For example, the HP 54655A/66A lest 
automation module gives the oscilloscope [00 additional 
stored setups with mask testing for automated test 
ap| i Meat ions. The HP 5-Hi57A/8A measurement/storage 
module adds more channel math capability, up lo UK) 
stored traces, more automatic measurements, a real-time 
clock, and mask testing. 

HP ScopeLink Software 

The full proRi-anunability of the RS-232 and I IP-IB inter- 
faces equips the oscilloscope user with enough power to 
implement complex test systems, provided that the user is 
willing to write the necessary soil ware. For customers 
who don't want to bother with wriling custom software 
jusl to transfer data from the oscilloscope, an optional 
software package, called UP Seopehiuk. is available. This 
PC-compatible soil ware package provides a user-friendly 
computer link from the oscilloscope in tin- IV, allowing 



(tie oscMloscope user to transfer oscilloscope dispi 
images, waveform data, and Instrument setup information 
front the oscilloscope to the computer. Graphical images 
can be translated into industry standard formats (TIFF 
and PCX) to be incorporated into documents produced 
using word processing or desktop publishing software. 
Graphical itnaj on the computer disk. 

i the compute: ind dumped to the 

i niter's printer. The numerical data associated with 
the waveform (time and voltage pairs) can also he 
transferred to the computer and stored in a format 
directly readable by spreadsheet and data analysis pro- 
grams. These programs can be used for further analysts 
of the oscilloscope waveform data. 

Electrical Design 

Tlte electronic hardware in the HP 54600 oscilloscopes 

includes a high degree of custom integrated circuil 

technology coupled with the use of conventional surface 
mount components. A simplified block diagram of the 
two-channel oscilloscope is shown in Fig. 5. 

Analog Section. The signal at the channel input is scaled 
in amplitude by the attenuator and preamp circuits. 
Various combinations of gain tin the preamp) and loss (in 
the preamp and the attenuator) change the amplitude of 
the signal depending on the volts/division control on the 
front panel. All ihese gain and loss settings are under 
microprocessor com mi. 

The preamp also splits off a replica of the signal for use 
by the trigger system. The trigger system consists of the 
trigger multiplexer (MUX), ihe signal-condit lotting circuit 
and the high-speed trigger comparator. The trigger multi- 
plexer selects the trigger source (either of I lie 1 ' channels, 
the external trigger, or an ac line syne signal I. The signal 
conditioning circuit provides ac coupling, low-frequency 
reject, and high-frequency reject. All of these circuits are 
under microprocessor control. 

Returning to the channel section of the block diagram, 
the output of I lie preamp goes to Ihe track-and-hold 
circuit When a sample needs lo he acquired, the track- 
and-hold circuil freezes the instantaneous voltage of the 
signal ;uid holds it long enough for Ihe analog-to-digital 
convener (ADC) tO convert Ihe analog voltage to digital 
form. The postamp increases Ihe signal level oul of the 
track-and-hold circuit SO that Die full range of the ADC is 
used. 

Acquisition Processor. Both channels of ADC data are led 
io [lie acquisition processor, which takes the sampled 
data, correlates it in time wiih the trigger, and places it in 
waveform memory. Since the oscilloscope uses random- 
repetitive sampling, the placing of data points into Ihe 
waveform memory can be computationally complex. The 
waveform samples are not necessarily acquired in sequen- 
tial order, so Ihe acquisition processor must determine 
their proper placement by measuring when the sample 
was taken relative lo the nigger signal IT n - iei|Uisitiou 
processor uses IIP CMOS technology lo implement 
dedicated logic I hat processes sample points al a very 
high rale. 
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Waveform Translator. The waveform translator IC lakes the 
time-ordered samples from the waveform memory and 
writes the data to the display. Basically, this means thai 
the voltage and time values associated with a data point 
in waveform memory must be translated into vertical and 
horizontal pixel locations on the display. Once these 
locations are derived, the waveform translator sets the 
appropriate memory location in the video RAM. The 
raster-scan display is refreshed from video RAM under I he 
control of the waveform translator IC. 

The two custom It's (acquisition processor and wavel'unn 
translator) arc dedicated to the task of processing the 
waveform data for the display. Such dedicated hardware 
produces display throughput and responsiveness that are 
equivalent to an analog oscilloscope. A side benefit of 
this architecture is that the main processor is freed to 
scan the keyboard and respond quickly to control 
changes. Together with careful software design, this gives 
the oscilloscope user immediate feedback when making 
oscilloscope adjustments. 

Microprocessor. A conventional microprocessor system 
using a 68000 CPU, ROM, and RAM is used to control the 
oscilloscope hardware. Virtually every circuit in the 
oscilloscope is under microprocessor software control. 
This includes simple on-off controls like bandwidth limit 
and ac/dc coupling as well as control of circuit voltages 
via a 16-channel digital-to-analog converter (DAC). The 
microprocessor responds to the user's actions hy reading 
the front-panel keyboard, adjusting the hardware controls, 
and writing status and error messages on the display. The 



microprocessor software also performs a wide range of 
advanced functions srjteh as measurement cursors, auto 
malic voltage and time measurements, saving and recal- 
ling setups and traces, hard-copy control, and averaging 

of wavft'ulriis 

Product Design 

With outer dimensions or 7 inches (18 cm) high by 14 
inches (36 cm) wide by 12 inches fJK) i-nu deep, the HP 
54600 oscilloscopes fit easily on almost any workbench. 
At 14 pounds (6.4 kilograms) in weight, they are conve- 
niently portable. An optional cover protects the front 
panel from accidental damage, and an optional pouch can 
hold the oscilloscope probes and operating manual 

Cost of Ownership 

The HP 54600 oscilloscopes have a standard three-year 
warranty (five-year warranty optional). They are designed 
for high reliability and easy calibration to produce a low 
cost of ownership. Most of the usual adjustments have 
been eliminated through the use of software calibration. 
(The 4-channel oscilloscope has only eight manual adjust- 
ments inside it.) The microprocessor uses the 16-channel 
DAC to control various points throughout the instrument. 
During the software calibration procedure (which can be 
performed in minutes without opening the oscilloscope), 
measurement errors such as offset, gain, and ehaimel-to- 
channel skew are detected hy the microprocessor and 
removed under software control. The only required piece 
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of external test equipment is a pulse or function gener- 
ator. 
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A High-Throughput Acquisition 
Architecture for a 100-MHz Digitizing 
Oscilloscope 

Two custom integrated circuits offload functions from the system 
microprocessor to increase waveform throughput and give the HP 54600 
digitizing oscilloscopes the "look and feel" of an analog oscilloscope. 

by Matthew S. Holcomb and Daniel P. Timm 



The key objective in the development of the IIP 54<;"" 
Series digitizing oscilloscopes was 60 design a low-cosl 
digitizing oscilloscope thai has the "look and feel" of an 
analog oscilloscope, In other words, the new oscillo- 
scopes were to have Familiar controls and traces on the 
screen that look almosl as good as analog oscilloscope 
traces, while maintaining ihe advantages of a digitizing 
architecture, 

The acquisition design team investigated why the present 

digitizm<: nsriJIosropes aren't widely used by analog 
oscilloscope users in troubleshooting environments. The 
result was not surprising: the display on digitizing oscillo- 
scopes is notably slower. Dots arc drawn on their raster 
displays no faster than about ten or twenty thousand 
points per second. In contrast, analog oscilloscopes 
update their screens at a rale of hundreds of thousands 
of waveforms per second. 

On many digitizing oscilloscopes, waveform record 

lengths are only of 10 points or so. These relatively short 
I'iMdiils sniiiciuiirs le.nl im sparse, disconnected traces "i* 
the screen. Edges don't fill in, aliasing occurs, and famil- 
iar waveforms become unfamiliar. Users become uncer- 
tain of what is going on between samples 

Needless to say, one of the key design goals for the HP 
51600 family was a significant increase in displayed signal 
quality. To achieve this, the designers selected absolute 
wavefonu throughput, from the probe tip to the CRT, as 
the rundaniejilal performance goal. An update rale target 
of 1,000, 000 points per second was chosen. To optimize 



waveform throughput, Ihe single-shot record size was 
increased to 2000 points. These records are interleaved 
into a final record si/.e of 4000 points per channel. 
allowing eight times as many points per trace on the 
screen. 

Ihe theory was simple: if you just go fast enough, the 
display will start hi approach the quality of an analog 
display. Multivalued signals (such as TV signals, eye 
diagrams, and modulated earners) will look familiar. As 
more and more dots per second arc drawn on the screen, 
intensity information will again be available. And all of 
the advantages of a digit i/.iug architecture will be pro- 
vided, such as ihe ability lo view signals before the 
trigger, hard copy, storage, crystal-corttrolled time-base 
accuracy, ami highly accurate automalie measurements 

In some cases, the display is even better. Infrequent 
events, or very slow sweep speetls. are no longer dim, 
eliminating the need for viewing hoods. Single-shot events 
can be stored cleanly and clearly, without the blooming 
and smearing of an analog storage oscilloscope. In fact, 
at many of the common sweep speed settings, the IIP 
54600 processes more waveforms per second than evert 
the Iks! ess analog oscilloscope. 

Previous Architecture- 
Fig, l shows a simplified topology for a traditional 

digitizing oscilloscope. Pig. 2 shows a task How diagram 
for such an instrument. Notice that the system rrdcropro- 
cessor controls everything, li unloads points from file 
acquisition memories, reads ihe time interpolation logic, 
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Fig. 1. Previous raster digital oscilloscope sr< Mti ctnre, simplified 

plots and erases points on the screen, services the front 
panel and the HP-IB connector, moves markers, manages 
memory, performs measurements, and performs a variety 
of system management tasks, Because the system micro- 
processor is in the center of everything, everything slows 
down, especially when die system needs to tie the fastest 
(during interactive adjustments). This serial operation 
gives rise lo an irritatingly slow response. The keyboard 
feels sluggish, traces on the screen lag noticeably behind 
interactive adjustments, and even a small number of 
measurements slows the waveform throughput signifi- 
cantly. 

HP 54600 Architecture 

The differences between the traditional digitizing oscillo- 
scope architecture and the architecture developed for the 
HP 54000 family are shown in Figs. 3 and 4. In contrast 
to the central microprocessor topology discussed above, 
tire new topology separates the acquisition and display 
functions — that, is, the oscilloscope functions — from the 
host processor, and places these functions under the 
control of two custom integrated circuits. The acquisition 
processor IC manages all of the data collection and 
placement mathematics. The tea reform translator R" is 
responsible for all of the waveform imaging functions. 
"litis leaves the main processor free to provide very fast 
interaction between the user and the instrument 

Acquisition Processor 

The acquisition processor is a custom integrated circuit, 

designed in HP's LO-nuerometer CMOS-:.! I process. It 

contains rou.uhly litHl.iNH) KKTs in an K4-pin PLIX pack- 
age. This [G is essentially a specialized 20-MHz digital 
signal processor. It pipelines the samples front the analog 
to-digital converter into an internal acquisition RAM, and 
later writes these points as time-ordered pahs into the 
external waveform RAM. It also contains tire system 
trigger and time-base management circuit ry. 



Fig. •" shows a logical block diagram for the acquisition 
processor, An external 80-MHz clock is brought onto the 
chip and divided down to 20 MHz. This signal is used as 
the system clock for the majority of the digital logic on 
the IC, The 20-MHz clock is also converted to quasi-ECL 
levels anil sent off-chip as the sample clock for the track- 
and-hold circuits and the analog-to-digital conveners. 

The external analog-to-digiial converters are always run at 
20 tuegasaniples per second (MSa/s), regardless of the 
sweep speed setting of the oscilloscope. The digitized 
samples are brought onto the chip continuously over an 
8-bit TTL bus. When the acquisition processor is set up lo 
look at two channels, it alternately enables the analog-to- 
digital converter output from each channel (si ill at a 
20-MSa/s rale), yielding a sampling rale of H) MSsJs per 
channel. 

Internally, the vertical sampled data first passes through a 
dual-rank peak detection circuit. When the HP 54000 is 
set to a very slow sweep speed, there arc many more 
samples available than can be stored into the final 
waveform record (2!>00 points). For example, since the 
analog-to-digital converters are always digitizing at a 
20-MSa/s rate, the acquisition processor may only he 
storing, say, one sample out of every hunched, yielding ait 
effective sample rate of (20 MSa/s)/100 = 200 kSa/s. 

During Ibis condition (known as oversampling). the 
oscilloscope user may turn on peak detect mode, enabling 
the acquisition processor's peak detection logic. Instead of 
simply ignoring the ovcrsamplrd points, the peak detec- 
tion logic keeps track of the minimum and maximum 
analog-to-digital converter values and passes these pairs 
downstream. This allows the user to watch for narrow 
pulses (glitches) even at the slowest sweep speeds. Willi 
one channel enabled, the minimum delectable glitch width 
is 50 ns. 
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Fig. 2. Siiii|uifi'''i tasfe Qowa in the previous Easter digital oscillo- 
scope architecture. 

The samples to be stored arc put into an internal 2K x 
S-hit acquisition RAM. This memory is simply a circular 
scratchpad RAM. When an acquisition is started, the 
writing logic starts at address and keeps on writing at 
the effective sample rate until it has collected all of the 
samples up to the right edge of the screen. In any two- 
ehannel mode, the data is aligned such that channel one's 
samples are stored at even addresses and channel two's 
samples are stored at odd addresses. When peak detec- 
tion is enabled, the minimums are held in even addresses 
and the maximums are stored al odd addresses, 



Meanwhile, the trigger block tracks the trigger input 
signal. An internal 28-bit counter generates the oscillo- 
scope's trigger holdoff (holdoff by time) function. Consid- 
erable design effort went into the development of these 
front-end trigger flip-flops to minimize their mean time 
between synchronizer failures. Running continuously at 
100 MHz. the synchronizer metastahility failure rate is 
predicted to be on the order of once every 10.000 years. 

Delay counters are used to implement the trigger delay 
function (pretrigger and post-trigger delay). Essentially, 
this allows the user to move the trigger point to the right 
(showing time before the trigger event) or to the left 
(showing time much later than the trigger even! ), The 
acquisition processor allows at least one screen of 
negative time (pretrigger delay), and at least 25fi screens 
of positive delay. 

As soon as the main acquisition logic is ready, it arms the 
main system trigger flip-flop. When the next trigger event 
is detected, a time interval counter external to the chip 
measures the time between the trigger event and the 
second rising 80-MHz edge. Using this value and the 
phase of the 20-MHz sample clock wit h respect to the 
80-MHz clock, an internal six-stage microeoded processor 
calculates the effective screen address of where the first 
point stored into the acquisition RAM should be placed 
on the screen. 

After this address has been calculated, the postprocessing 
logic stads unloading data as parallel time/voltage pairs 
simultaneously from the RAM and the address calculation 
block. Access to the acquisition RAM is internally arbi- 
trated: the writes have unconditional priority. As soon as 
the address calculation block signals that it knows the 
screen address of the nexl available point in acquisition 
RAM, the postprocessing logic 1 unloads that point at the 
next available clock edge. This dual-access behavior 
allows the sampled trace to be displayed before the entire 
waveform has been acquired. 

In Ore postprocessing section, either or both channels can 
be digitally inverted (implementing the channel in veil 
coupling out ion). Additionally, any channel can be shifted 
left or right up to three bits. This allows digital magnifica- 
tion of the analog-to-digital converter samples (used by 
the oscilloscope in 5-mV/div and 2-mV/div settings) and 
split screen displays (used in the delayed sweep mode). 

Finally, the collected data is written asynchronously into 
the external waveform memory at about a 1-MHz rate. 
The vertical samples are written to the waveform dala 
bus, while the horizontal (time) information is written to 
the address bus. Both buses can be configured to control 
exactly where and how the data is written info memory. 

The host 68000 can program the acquisition processor by 
writing directly into its interna] registers, using a tradi- 
tional chip enable, read/write, register select, protocol. 
Similarly, the 68000 can determine the acquisition status 
by reading a series nl status registers. After the acquisi- 
tion processor has been set up, the host can then issue 
various commands lo the 1C by writing to a write-only 
section of address space. There are commands to start an 
acquisition, stop, calibrate the time interpolator, and 
scramble (dither) all sample clocks. Additionally, the host 
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Fig. 3. New raster digital i isdil< so ip architecture 

can enable interrupts, allowing the acquisition IC to signal 
I he hosl when an event has occurred, such as the 
completion of an acquisition. 

The acquisition processor can also be used to acquire 
Y-vcrsus-X data. In this XT mode, channels one and two 
are collected as (X,Y) pairs and passed directly from the 
input in the output section of the IC, bypassing the 
intermediate storage in the internal RAM. These points 
are simply written into incrementing locations in the 
waveform RAM. Thus the waveform RAM address no 
longer bears any time information. Since XY mode is 
inherently untriggered. the acquisition processor samples 
the trigger clock input to provide a simple Z-axis blanking 
(XYZ mode) capability. Only samples that occur when the 
trigger input (Z signal) is at: a logic high level are passed 
front input to output. 

The acquisition processor also controls a variety of the 
peripheral acquisition functions. Most significant, it 
controls two powerful clock dithering algorithms, which 
greatly reduce the potential for aliasing at low and 
medium sweep speed settings. Additionally, it contains the 
necessary logic to keep the external time interpolation 
circuitry calibrated (the HP 54600 rime interpolator is 
continuously calibrated about once every 20 ms). When 
the oscilloscope isn't getting any triggers, the acquisition 
processor can also generate its own triggers and run in 
autotrigger mode. It contains a dedicated trigger counter 
and special peak detection modes for performing very 




fast aufosealc and autolevel functions. It also contains a 
good deal of self-test and testability logic and circuitry. 

Physically, the bulk of the IC consists of two standard 
library data paths, controlled by two programmable logic 
arrays (PLAs). One data path controls I he vertical signal 
processing, while the other controls the horizontal signal 
processing. About a third of the the chip area is dedi- 
cated to the 2Kx 8-bit acquisition RAM (sec Fig. 6). The 
trigger section consists of about 100 gates of custom 
lOO-MHz synchronizing trigger flip-flops and clock genera- 
tion logic. 

The design of the chip was remarkably automated. 
ASCII-text style schematics were created, showing con- 
nectivity between the low-level data path cells. The logic 
control was similarly described in a high-level PLA 
description language known as PLADO. From these two 
sources, a behavioral model was generated, which was 
used extensively to verify that the chip actually did wh:ii 
the oscilloscope needed. 

From this very same source, an awk script was written to 
generate artwork automatically. These tools allowed 
logical changes to be made to the design while the 
physical artwork was kept up to date automatically and 
transparently. Switch-level models were then extracted 
from the artwork, simulated hierarchically, and compared 
with the behavioral description. All of these tools allowed 
a very rapid design-simulale-modify design cycle. 
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Waveform Translator 

The waveform translator, implemented in a 1.5-mirrome- 
ter CMOS process, is a gate array with a main clock 
speed of 40 MHz. The gate array has 0500 gates of 
custom logic packaged in an 84-pin PLCC package. The 
main function of the waveform translator is to take the 
time-voltage pairs from waveform memory and turn on 
)rresponding pixels on the display. The gale arrav 
also includes other features that reduce the number of 
parts in the microprocessor system and the number of 
microprocessor tasks on a system level. This results in a 
very responsive display system, while keeping the total 
system cost low. 

The HP 54600 family uses a seven-inch-diagonal mono- 
chrome raster-scan display organized as 304 vertical by 



512 horizontal pixels. The area used for the oscilloscope 
graticule and waveform display measures 256 vertical 
pixels by 500 horizontal pixels, providing eight-bit vertical 
resolution and nine-bit horizontal resolution. The wave- 
form translator acts as the display controller and provides 
the vertical sync, horizontal sync, and video signals (all 
TTL levels) ro the displaj 

The waveform translator has control over a 256KX 4-bit 
video DRAM for image capture. Each nibble of the video 
SAM is divided into two pixels of full-bright and two 
pixels of half-bright information representing two video 
image planes Live waveforms are plotted into the full- 
bright plane at a rate of approximately 1.75 million points 
per second (7.5 rtaveforms/sideo frame The half-bright 
plane is used for things such as graticules, text, and 
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Fig. 5. Logical black diagram i>( 
the acquisition processor. 



stored waveforms. AH accesses to and from the video 
RAM are controlled by the waveform translator. 

The waveform translator handles the waveform bus 
arbitraliuti I Fig. 7), generating tin- bantjshnio- senilis 
required to unload the acquisition processor, to allow 
microprocessor accesses, and to read waveform [joints 
for plotting. For each waveform bus cycle, there is one 



unload request to the acquisition processor for new data. 
This is followed by two reads. In each read, two points 
are read from the waveform RAM, translated, and then 
plotted into the video RAM (see Fig. 7b). The waveform 
RAM is organized into eight 4K-byte waveform records. 
Each record is a time-ordered list of voltage data values, 
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Fig. 6. Acquisition processor chip 
layout 
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with the smallest address representing the left edge or 
the graticule. 

In its normal operating mode, the oscilloscope plots volt- 
age versus Mine. In this mode, the address of the wave- 
form RAM represents the horizontal coordinate, while the 
data at that address represents the vertical coordinate of 
the pixel memory bit to set in the video memory. The 
waveform translator plots 400(Vpoint records into a 500 
(horizontal) by 256 (vertical) pixel array. This overn tap- 
ping results hi eight voltage points per horizontal pixel 
column, which simultaneously improves die sample 
density on the waveform and allows all 4000 points to be 
displayed at once. 

V-versus-X (channel versus channel) waveforms are 
plotted in a somewhat different manner. Two data points 
(one from each channel) are required to form the hori- 
zontal anil vertical coordinates. These two points are 
supplied by the two consecutive reads in the waveform 
bus cycle ! Kig. 7c). Once the horizonlal and vertical 
coordinates are read the setting of a pixel in the video 
RAM can occur. Both values are checked lo ensure their 
validity. The X data has eight bits of information, which is 
mapped into a rtine-bit-resolution array, leaving the 
least-significant horizontal bit undefined. The waveform 
translator then adds digital noise for ibis l>M in a pseudo- 
random fashion. This fills every other pixel column thai 
would have fornterk been einply. resulting in a brighter, 
connected, more appealing image. 

A fundamentally new display mode called uuinslnri- 

displays the live data in full brigl ss while maintaining 

previous waveforms in half brightness. Similar to Infinite 
persistence mode on previous-generation products, anto- 
store lets the user view the accumulated samples without 
obscuring the most recent waveform. In autostore mode, 
the waveform translator plots the live waveform into both 
the full-bright arid half-bright planes. While the full-bright 
image gets erased every frame, the half-bright image does 
not. ii accumulates, providing a history of all ihe cap- 
tured waveforms in a diseernihly different intensity. This 
contrasts with previous digilal oscilloscopes, vvlneh 
display both the mosl recent and all previous waveforms 
in the same intensity, making ii difficult if not impossible 
to identify the live waveform. This simultaneous plotting 



is possible because both the full-bright and half-bright bits 
reside in the same nibble of the video RAM. 

The waveform translator performs several functions that 
the system microprocessor has performed in previous 
architectures. In addition to plotting waveforms, it erases 
images, generates multiple cursors, and 
microprocessor with several special access modes to the 
video RAM The erase cycle occurs periodically during 
each video frame, allowing die erasure of all pixel loca- 
tions once per frame. Full-bright and half-bright images 
can be individually enabled for erasure. Live waveform 
erasure is always enabled. This relieves the microproces- 
sor of the (rather significant) overhead of tracking all 
points on screen. Since the waveform RAM retains the 
last waveform indefinitely, and since i lie waveform 
translator can reconstruct the full-bnghi waveform image 
several times every video frame, a flicker. free image 
appears onscreen. Half-bright image erasure is required 
during a number of setting changes For the mlcroproces 
siii 10 erase the graticule area directly would rake 
hundreds of milliseconds. Willi Ihe waveform translator 
performing the erase, the microprocessor simply needs 10 
enable the half-brighi erasing and wait one video frame 
(16.6 ms). speeding up these operations considerably. 

Cursor generation ill previous digilal oscilloscopes is a 
difficult and time-consuming (ask. The microprocessor 
had to compute the location of the cursor line and plot 
the dashed line across the display, individually turning the 
appropriate pixels on and off. In the IIP 54600 family, the 
waveform translator generates up to eleven line cursors, 
six vertical and five horizontal, in hardware. These 
cursors are used as a trigger level indicator, as delayed 
sweep indicators, ami as measurement cursors. The lines 
can be solid, short-dashed, or long-dashed so that the 
different cursors can be identified. Additionally, the six 
vertical markers can be half screen height, in either tin 
Upper or lower half of Ihe graticule. The cursor genera- 
tion is made possible by having Ihe CUT controller 
on-chip. The CRT controller counters I rack ihe raster 
beam position, allowing Ihe cursor comparators to gener- 
ate a serial video data stream that is OReil off-chip with 
the I'ull-hrighl data coming from the video RAM. 

Several specialized modes lor microprocessor access to 
Ihe video RAM have been incorporated to speed software 
algorithms. For example, there are special modes for 
character generation and image drawing. There is even a 
mode that allows the microprocessor to address the 
nibble-wide video RAM as a byte. 

To reduce system cost, board space, and power reuuire- 
liienls, as much funclioualily was placed on-chip as the 
package I/O pins allowed. This includes the CRT control- 
ler counter system, a 16-bit programmable timer, and the 
microprocessor handshake and strobe generation. The 
CRT counter system has eight counters, four for the 
horizontal syne sysleui docked by the dot clock and four 
for I lie vertical sync system clocked by the horizontal 
sync pulse. The programmable timer runs at approximate- 
ly 1 MHz and is used by the microprocessor to time 
various software activities. 

Icontmuml on page 18] 
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Sample Rate and Display Rate in Digitizing Oscilloscopes 



There is considerable confusion about how sample rate relates to typical oscillo- 
scope measurements Most oscilioscope users understand that fot truly single- 
shot events, there is no substitute for a high sample rate When an even! is single- 
shot or repeats so slowly that it is impractical to wait tor subsequent occurrences, 
the oscilloscope only gets one cliance lone trigger) to acquire the waveform. The 
sampling theorem states that to be able to reconstruct a baseband signal it must 
be sampled at greater than twice the signal bandwidth.' 

f s >2BW 

Practical limitations require that an oscilloscope sample at an even higher rate, 
typically four times the bandwidth, to maintain good pulse response? Therefore, 
single-shot measurements require a very fast, expansive anabg-to-dignal convert- 
er (ADC), 

If a signal is a repetitive waveform, the oscilloscope has multiple chances to ac- 
quire and digitize the waveform The entire waveform content does not have to be 
acquired on a single trigger, but can be collected from multiple triggers. Thus, a 
slower, more economical ADC can be used. The type of repetitive sampling used in 
the HP B4600 family asc-lloscopes is called random repetitive sampling fig 1 
shows how random repetitive sampling works The waveform is constantly 
sampled at 20 MSa/s. A! las', lime/ijivisiun settings, this sample rate will produce 
seveial samples on each occurrence of a waveform, but will not sample fast 
enough to satisfy the sampling theorem for 100-MHz bandwidth. As the waveform 
repeats, more samples are acquired at different points on the waveform and the 
displayed waveform fills if With a high enough trigger rate and display update 
rate, this happens so fast that the oscilloscope user perceives it as instantaneous 
The sample rate must not be correlated with the frequency of the waveform or the 
samples will occur consistently at the same locations on the waveform, preventing 
the displayed wavefnnnfram filling in To prevent this, the sample rate is dithered 
Slightly. Hence the term random repetitive sampling The spacing of the collected 
samples is much closer than the original sample rate, resulting in a new effBeffte 
sample rate that sahfies the requirements of the sampling theorem 

Random repetitive sampling is the clear choice for an economical digitizing oscillo- 
scope that.competes in the 100-MHz analog oscilloscope market Analog oscillo- 
scopes are good for viewing repetitive waveforms but are not very effective at 
measuring single-shot events Therefore, the repetitive-only nature of random 
repetitive sampling allows the oscilloscope to measure the same signals that an 
analog oscilloscope can In addition, since trie digitizing oscilloscope has a sample 
rate of 20 MSa/s, low-frequency single-shot measurements can be made, but not 
to the full bandwidth of the oscilloscope. HP specifies the single-shot bandwidth 
of the HP 54600 family at one tenth of the sample rate, which provides ten points 
per period rjf the highest frequency 

Display Rate 

If sample rate is a confusing concept to digitizing oscilloscope users, the display 
update rate is even more confusing Sometimes me oscilloscope iiser should be 
concerned about the sample rate and sometimes display update rate is the real 
issue. Consider the waveforms shown in Fig 2 The first waveform, a single-shot 
pulse, occurs only once and must be measured with sufficient sample rate to 
capture the bandwidth of interest The next waveform m fig. 2 is a repetitive 
waveform that repeats exactly each rime, never varying As previously discussed, 
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this type of waveform can be acquired using random repetitive sampling. Oscillo- 
scope users expect the displav to update instantaneously when they connect a 
signal, so the display update rate needs to he fast mostly in human terms (i e.. less 
than 100 ms or sol Fast display update rate is not required to track any changes in 
the waveform because, by definition, the waveform never changes 

A more interesting case is when the waveform is basically repetitive, but exhibits 
a change once in a while. Two examples of such varying repetitive waveforms are 
shown in Fig 2 Here the waveform basically repeats over time, but does change 
occasionally In one waveform the occasional change is an intermittent pulse lor 
glitch) while <n the other waveform it is a variation in pulse amplitude. An occa- 
sional change in the waveform is often of interest to the oscilloscope user, so it is 
desirable that these tempprary changes be viewable On 3n analog oscilloscope, 
these temporary excursions might be easily viewable, invisible, or somewhere in 
between depending on how often they occur (Infrequently Dccuring events do not 
sight the phosphor on a cathode ray tube often enough to be viewed.! On a digitiz- 
ing oscilloscope, the display update rate must be fast enough to capture and dis- 
play the occasional change in the waveform 

Consider the situation Shown in F:g 3 The waveform is a varying repetitive signal 
that has an intermittent pulse occurring in it (on eve rage I every t rEp seconds I An 
intermittent pulse is used as an example, but the same principles apply to other 
signal variations.! Samples are taken for a period or time t a , the acquisition time 
lihe same as the time duration displayed on the oscilloscope) and then a dead time 
t a occurs as the oscilioscope processes those samples Processing of the samples 
includes reading the data from memory, comparing the samples in lime to when 
the trigger occurred, and writing the data to the display memory During this dead 
time, variations m the waveform may be missed 

Define the oscilloscope duty cycle k„ as the ratio of the sampling time to the total 
rime giving a measure of what portion of time the oscilloscope is actually sam- 
pling the wavefo-m 



Fig. 1. Random repe!>tivs sampling 
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Oscilloscope Display 
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The product of [he oscilloscope duty cycle and the sample rate is equal to rtie 
display rate 

f„ = K '. 

The display rate \ A is the number of samples processed and displayed per second 

Tu m.-wimi/e the probability of sampling an intermittent event, the oscilloscope 
should have a high display rate. High sample rate alone is not sufficient The 
oscilloscope duty cycle can be thought of as a measure of how efficiently the 
oscilloscope circuitry turns samples into displayed points 

It is important to note the assumptions about the measurement situation described 
above. The oscilloscope was triggered on a repetitive waveform that had an infre- 
quent glitch m it This scenario fits oscilloscope applications in which the user 



doesn't necessarily know that a glitch is occunnrj — the oscilloscope is being used 
to find that out. In such a case, display rate is critical. However, some digitizing 
oscilloscopes such as the HP 5450D family provide a means of triggering an such a 
glitch If the user suspects that a glitch is Dccunng and triggers un it, display up- 
date rate is much less an issue In fact, the ghtch generally can be captured and 
measured more accurately by triggering un it 
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Results 

In ilte final design, Ute displayed waveforms look surpris- 
ingly lively. Qualitalively. I he I raws on the screen respond 
instantaneously to front-panel changes, as well as to 

changes in the inpul signal. Fast edges tend to fill in 
quickly, especially when the auiosiore mode is enabled. 
Multivalued and modulated signals are easily recognizable, 
and rarely aliased. Unfortunately, however, the discrete 
samples are often identifiable, giving an apparent granu- 
larity, or graininess. to the traces. And even though llie 
dot density on the screen now shows rudimentary intensi- 
ty information, a few users will still prefer an analog 
display for these signals. 

In many situations, the display looks significantly better 
than an analog display — and certainly belter than conven- 
tional digitizing oscilloscopes, Low-ditty-cycle signals and 
slow sweep speeds are no longer dimmed by the fading 
phosphor. The waveform image is maintained on the 
screen indefinitely (and in internal memory for analysis) 
until it, is overwritten by a later acquisition. Additionally, 
even ;i| East sweep speeds, the fiO-II/, refresh rate of the 
I'astei display adds a secondary visual i-tihaucemenl. Any 



displayed point will lighl up on the screen lot at least 
16.6 ins (one frame). Since over eight 2000-point wave- 
forms are displayed every frame, I his effectively extends 
the visual record size from -)(X)0 points to over 16,000 
points. This adds brightness to dim traces and depth to 
multivalued waveforms. 

Quantitatively, the screen update rale for the IIP 54600 
oscilloscopes is shown in Fig. 8, Fig. 8a shows the 
number of samples displayed on the screen every second 
and the number of triggers processed per second. The 
roll-off toward the left edge of the graph is a result of 
slowing down the effective sample rale for very slow 
sweep speeds. At the very fastest sweep speeds, the 
Update rale becomes limited by I in- acquisition rearm 
time (similar to an analog oscilloscope's retrace and 
rearm time J. 

Fig. 8b shows the relative waveform throughput of the 

HP ,"]<;iiii m-jsms typical analog and other digitizing 
oscilloscopes. For this graph, waveform throughput is 
defined as full records for digitizing oscilloscopes (2000 
points for the IIP 54<:>(KI) and as sweeps per second for 
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analog oscilloscopes. For all of the intermediate and slow 
sweep speeds, the HP 54600 has the highest throughput 
of any other oscilloscope. (Analog oscilloscope* are 
limited by a rather significant '1W» retrace and rearm 
time). As the sweep speed increases, the analog oscillo- 
scopes begin displaying waveforms significantly faster 
than the digital oscilloscopes. However, al lliese sweep 
speeds, each trace becomes increasingly dim. Whereas it 
might take the HP 54000 uboul 500 niggers for the 
waveform lo be displayed (at one point per pixel col- 
umn), ii probably takes the analog oscilloscope just as 
many triggers to brighten the trace on the screen. Notice 



in Fig. Sa that at these fast sweep speeds, analog oscillo- 
scopes process triggers al a very similar rate to the HP 
54600. 

Summary 

The architecture developed lor the HP 54800 family sets a 
new level of performance for display update rates in 
digitizing oscilloscopes. By offloading the acquisition and 
plotting algorithms from the system processor, the overall 
responsiveness — both to the front panel and to the SIP-IB 
inlet-face — has been improved. 
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A Fast, Built-in Test System for 
Oscilloscope Manufacturing 

Following a verification strategy instead of a screening or characterization 
strategy, a special module was designed to replace the computer 
input/output option module of the HP 54600 Series oscilloscopes. The 
resulting test system has reduced both equipment costs and test times to 
one tenth those of previous test systems. 

by Stuart O. Hall and Jay A. Alexander 



Tlu- IIP 5460OA anil 54601A general-purpose oscilloscopes 
have the lowest manufacturing cost of any oscilloscopes 
in HP's history. A large contributor to this is a test 
Strategy thai minimizes the cost of calibration and verifi- 
cation. 

Traditionally, digital storage oscilloscopes have been 
bested with a system tliat evolved from a prototype 
characterization system or an environmental qualification 
system. The R&D team described a set of parameters that 
I (ley wanted to see tested Ln changing environmental 
conditions, and the test engineer developed a system that 
tested those parameters as accurately as possible. This 
process resulted in a lung list of parameters and a set of 
test algorithms and equipment optimized tor accuracy 
This test implementation is required when attempting to 
understand every aspect of a nen product design. 

The tesi strategy for the IIP 54600 family of oscilloa opes 
was developed to minimize the test process cycle time, 

using the least expensive .sei of equipment possible [see 
"Verification Strategy, 1 ' page 22), Developing tins strategy 
required a complete understanding of tin- hardware of the 
product, a commitment (in the pari nl' the design leant to 
design margins into the product, and a willingness to 
recognize the difference between testing to characterize a 
design and testing to verifj a product. Here we will 
describe litis lesl siralegy, hom prototype characterisation 
to production testing, and discuss the benefits of the 
resulting system. 

Prototype Characterization 

Like most new products, the HP 54600 Series oscillo- 
scopes required extensive performance characterization at 
various points in the design cycle. The characterization 
test system developed for this was used both for charac- 
terizing prototype units and for qualifying the product in 
III' environmental specifications. Data i'rntn this system 
was used In influence the design team to increase mar- 
gins on some specil'ii-jiiiiuis. In i Filter cases I he system 
verified dial a circuit had more margin than the designer 
expected 

A goal was to characterize prototype Instruments earlj In 
the design process, This had several positive influences 



on the success of tlie project. Because the characteriza- 
tion system was developed as an HP-IB-conlrolled auto 
mated test system, it was necessarj to install the HP-IB 
parser software at an earlier stage than usual. This 
caused the parser code to be developed as an integral 
parr of the instrument, rather than as an additional 
feature. The characterization process uncovered hardware 
and software problems that might otherwise have been 
missed until a point in the project when it would have 
been much more expensive to correct them. The system 
was also used to test new prototype lest algorithms ami 
to corroborate the techniques used in the production test 
process described later in this article. It was also recog- 
nized that the characterization test system would !«■ 
required as an auditing system in production for ongoing 
verification of key assumptions regarding parameter 
relationships. 

The standard tesis performed with this system were 

developed using the traditional process described above 
The system uses the following equipment: 

• HP Si HI A programmable pulse j>eueralnt 

• HP 3656B synthesized signal generator 

• HP3458A programmable system multimeter 

• HP 437B programmable power metei 

• HP4262A \r\t mete 

• HP ;>^:ir>A programmable multiplexer 
- IIP in 100 Model 360 computer. 

Thirty-one different types of tests an 1 performed, general 
ing mure than 200 test parameters for the oscilloscope, 
i The term "parameter", as used in ihis article, means the 
result of a given test under one specific set of test 
conditions. Some tests have many different sets of condi- 
tions. For example, a trigge) tesi thai measures perfor- 
mance for two different input signal frequencies, on eight 
difi'ereiil vertical ranges, mi two channels, will generate 2 

- i * 8 or 32 separate resull parameters.) Ih the 
completion of the production prototype phase, the charac- 
terization system had been used to verify that each of the 
more than 200 lest parameters had specification margins 
of at least four standard deviations ( to). 
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Verification Strategy 

[radftional oscilloscope tests typically require one to two hours of test time end 
capital equipment costing many Thousands of dollars. Even if the tests are largely 
automated aod thus free oi excessive labor, there is still a cost penalty associated 
with the cycle time for each unit Test times impact capital outlays — slower test 
times mean that more stations must be purchased to support even moderate pro- 
duction volumes Multiple stations in turn drive up floor space and maintenance 
costs All of these issues ultimately translate into highei costs for customers. For a 
high-volume product family such as the HP 54600 Series oscilloscopes, process 
modeling showed that between six and ten stations would have to be purchased 
to meet capacity requirements if a traditional test strategy were employed Con- 
cern for delivering the best value to the customer and a desire for a simpler pro- 
cess led to a new strategy focused on reducing unit test time Our goal for this 
Strategy was 10 minutes per unit This figure would include the time tor all adjust- 
ments, calibrations, self-tests, and final tests, and represented a tenfold improve- 
ment over the predecessor product, the HP 545Q1A 

We began with the belief that the typical 200 to 300 test parameters are not all 
independent If a small set of independent parameters could be identified, they 
could then be tested and used to estimate the performances of the other, depen 
dent parameters We labeled this idea the minimum set method Others have 
developed similar techniques called predictive subset testing' and OR factonja- 
1 1 ; 1 r - - Out approach was to combine knowledge about which parameters one might 
expect tD be related (gained by in-deptli scrutiny of the product hardware design) 
with empirical correlation studies performed during prototype characterization. 



Key 10 the success of this method were the performance margins designed into the 
product These margins allowed us to streamline the parameter set without com- 
promising quality, and to move from a screening philosophy to a verification philos- 
ophy 

In addition to reducing the number of test parameters, the team focused on deter- 
mining the most efficient ways to measure the parameters actually tested This 
effort led to the use of new measurement algorithms, such as the FFT techniques 
described in the article on page 29. Combining the new algorithms with the re- 
duced parameter set. we real lied that a significant reduction in the variety of test 
stimuli required was passible. Simplifying the stimuli allowed us to build it all in 
further lowering capital costs Finally, executing all tests in firmware Bltml 
time-consuming I/O operations and makes the system almost entirely self-con- 
tained. 

Details of the HP 54600 test strategy development and its results are described in 
the accompanying article. While this strategy is not universally applicable, it does 
represent a good example of the kind ol thinking that can contribute to manufac- 
turing competitiveness and we hope to leverage the knowledge gained on these 
products to other Hewlett-Packard programs 
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Production Test, 

The production test system was developed according to 
three fundamental concepts. First, the system would be 
controlled by the device under test, or DUT (the oscillo- 
scope currently being tested) to alleviate the cost and 
throughput disadvantages of an HP-IB controller system. 
Second, the system would use only two signal sources: n 
high-frequency source and a precision low- frequency 
source. Third, the test process would be designed 10 
verify that the product is statistically normal. It is impor- 
tant to recognize the distinction between this last concept 
and the process of ensuring that all specifications are 
met. Of course, for ibis method to be sufficient to verify 
production instruments, all normal instruments must meet 
specification limits. This is the fundamental reason to 
include margins in the design of a product , 

The sequence of test operations carried oui in production 
is as follows: 

L. Functional self-test: comprehensive test for base 
functionality 

2. Software calibration: sell adjustment of <\v parameters 

3. Hardware adjustments: flatness and pulse response 
adjustments 

■1. Parametric final lest: final product verification before 
assembly. 

Production Calibration Module 

The HP 54600 Series' optional computer interfaces gave 
the test system designers a method of developing custom 
hardware and software for use in production test This 
custom hardware and soli ware is contained in the pro- 
duction calibration module. Fig. 1 shows how die produc- 
tion calibration module fits into the overall production 
test system architecture. 



Hardware. A large portion of the 68000 microprocessor 
bus is accessible at a 50-pin connector on the back panel 
of the oscilloscope. The customer can conned one "I 
three interface modules to this connector to define the 

product's l/f) personality. The three interface modules are 
RS-i.!2. 1IIMH. and ('eiilronirs. 

The HP 54000 production calibration module was devel- 
oped using the HP 54650A HP-IB interface module as a 
platform. The production calibration module consists of 
an HP-IB module with an additional '12K bytes of nonvola- 
tile RAM (04K bytes total), A fixed-amplitude, variable-fre- 
quency pulse generator was added for high-frequency 
testing and pulse response adjustments (Fig. 2). The 
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Pig. 2. Block diagram lucdon calibration module. 

500-picosecond rise time of this pulse generator Ls suffi- 
ciently fast to adjust and measure the high-frequency 
response of tlie 100-MHz oscilloscopes. The effect of 
using a 500-ps source to measure the rise time of a 
lOO-MUz (o.Vns rise lime) system can be estimated as 
follows: 
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on the main board. To allow compatibility with all revi- 
sions of system software, the interface between the 
module software and the system software consists of a 
series of look-up tables. Calls to system code from 
module code are accessed via ROM "hooks" located in 
system BOM ( alls to module code from system code are 
accessed via ROM hooks located in module ROM. 7 
function pointer look-up tables do not change for minor 
revisions of module and system software. To accommo- 
date custom module software like die production calibra- 
tion module, many of the more important action routines 
within die system software are accessed through RAM 
hooks. This table or function pointers can be modified by 
the module software to implement many custom features 

The test system software takes advantage of this an 
ture and virtually takes over the operation of the DIIT. 
When the instrument is powered up with a production 
calibration module attached to the back panel, a function 
called mitmodule is called. This function resides in the 
module software and replaces the front-panel key-press 
parsing function parsekey with a custom key-press parsing 
function parseProrfKeyHook. This function is a state machine 
that displays the lest system user interface, from which 
all Ihe tests can be accessed. 



This represents an error of approximately 1 percent, 
which is acceptable given the performance margins de- 
signed into these oscilloscopes. 

The pulse generator is driven by the CPU system elm K 
This allows il to be used for testing the oscilloscope's 
time-base system, which is driven by a different oscillator. 
The CPU system clock drives an array of counters v\iih 
three different countdown values: 1 clock cycle, 16 clock 
cycles, and 256 clock cycles. This yields output frequen- 
cies of 10 MHz, 6£5 kHz, and 39 kHz. The output can 
also be put into a nontoggling or dc state. The outputs of 
the counters are decoded and sent through a series of 
Motorola ECLJPS gates to decrease the rise time from 
approximately 30 ns to 500 ps. This method of developing 
a fasi rising edge results in a large amount of period 
jitter in the signal, hut the jitter is sufficiently low not to 
affect i he testing of the product. The pulse tops of the 
resulting signal are flat within less than one percent. 

Since the production calibration module is based on the 
HP-IB interface module, it contains a TI 991 4A GPIB 
cunl roller IC. This chip is normally used to allow an 
external controller to program die oscilloscope, but in the 
case of the production calibration module it is used to 
allow the oscilloscope to function as a bus master during 
the test process. This capability provides some significant 
advantages which are described later. 

Software. The main benefit of using the production cal- 
ibration module for test control is that the DUT's micro- 
processor executes all of the control and measurement 
actions. Executing the tests from firmware resident in the 
production calibration module eliminates many slow 
HP-IB data transfers to a controller, The test system 
software resides in the 128Kx8 ROM on the production 
calibration module, and must have access to system end, 



Built-in Self- Test 

Normal functionality of an instrument can be verified in 
large part by built-in self tests requiring no external 
stimulus. This test step executes nine buill-in self-tests 
designed to verify the workings of the instrument compre- 
hensively. The objective of these tests is to identify 
defective units as quickly and as early in Hie test process 
as possible. The tests are designed to operate properly 
regardless of whether the software calibration has been 
performed. The self-tests are: 

• Functional test 

• Analog-to-digital convener (ADC) test 

• Video IC test 
Acquisition IC test 

• Digital-to-analog converter f I iA( ) lest 

• Waveform RAM test 
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• System RAM test 

• iii »M checksum test 

■ Nonvolatile RAM test 

These tests execute in less than :i(i seconds. 

Software Calibration 

The HI' 54(100 family of oscilloscopes is equipped with a 
multichannel lii-hii DAC, one channel of which is output 
to a BNC connector on the rear panel This source is 
used tor gain, offset, and trigger calibration and for 
low-frequency parametric testing of the Dl"]'. To verify 
thai this etc output is accurate enough for calibration and 
test, an 111* :J47SA HUM is used to measure iwo points on 
the source's OUtpUl range The digital mull Intel it connects 
to ihe DUT via the HP-IB. and the DUT controls the 
entire operation using ihe TI 9914A chip located in the 
production calibration module. An esienial controller is 
not used. To meet tile lest time goals for I his product 
family, ii was necessary to improve the software calibra- 
tion lime over previous products. The high-throughput 

acquisition system of ihr j lm-t makes n possible to 

measure and compensate for errors very quickly. The 
extensive characterization performed in the prototype 
phase also contributed to our understanding of how- 
rigorous the calibrations had to be. The techniques used 
tot calibration in the HI' 54600 family are discussed in 
"Using the High-Resolution, Multichannel DAC" on page 
54 The algorithms achieve an average calibration time of 
approximately 3,0 minutes. 

Hardware Adjustments 

Because of the aggressive throughput goals for I his 
system, traditional means of executing hardware adjust- 
ments were not sufficient. To minimise the variability of 
an adjustment, an automated ineasiiremenl is necessan 
However, feeding this measurement back to ihe calibrator 
instantaneously is imperative if the adjustment is to be 
made i|iiirkly. Since the test system is built-in and oper- 
ales using (he CPU of the DUT. adjusted parameters can 
be measured and displayed in real time. To eliminate 
subjectivity, the test system uses a graphical feedback 
adjustment scheme (Fig. 4). A grid and a parametej 
indicator are displayed on the screen and updated using 
the HP fi-ifiiMl family's high performance waveform viewing 
architecture. The system CPU is involved in automated 
measurements performed during ihe adjustments, bin the 
update rate is still superior to an external controller-based 
system. It is important to note the distance between the 
two adjustment limit indicators. Adjustment operators 
have demonstrated a tendency to overadjnsl when given 
the opportunity. In other words, if a procedure is worded 
"Adjust until indicator is between the markers," then the 
opera I or will lend to try 7 to adjust the indicator to the 
median point between the markers. If the adjustment limit 
markers are correctly set (his is unnecessary. The finite 
resolution of a raster display can be advantageous in 
dealing with this phenomenon. In I his case ihere are only 
two pixels between the markers, so there arc only two 
locations to adjust to. neither appearing superior lo i In- 
other. 

The software calibrations described so far adjust all of 
the <le parameters of the oscilloscope. Two adjusiiueuis 




Fig, 4. ri.io i i • ■ 1 1 1 i iv isplaj 

per channel are necessary to optimize the higher-frequen- 
cy parameters of each unit. The tow-frequency gain of the 
I'rniii-eud attenuator is tuned by adjusting the flatness of 
a square wave. This aujustnieui is complete when the 
measured nonflatness is between 0.5% and 0.594 The 
high-frequency response of the DUT is optimized bj 
adjusting the overshoot with a 500-ps rising edge inpui. 
The range for I his adjustment is 4.85% to 5,65%. Both of 
these adjustments use the production calibration module 
pulse source for input stimulus. The graphical adjustment 
method described above results in a high degree of 
repeatability for both adjustments. Table I shows the 
statistical results from 193 HP 54600A li -channel oscillo- 
scope boards for these adjustments. 



Adjustment 
Flatness Channel 1 
Flatness Channel 2 
Overshoot Channel 1 
i (vet-shoot i limine! '> 



Table I 
Adjustment Results 

Desired Range 

-0.5% to +0.5% 

-0.5% to +0 59 

4.85% to 5.65 ■ 

4.86% to 5.65% 



Mean Sigma 

-II. 01"-: (1.1(1% 

-0.0391 0.17% 

5.39% 0.16% 

5.36% 0.19% 



Measurements taken on the production line indicate (hat 
the adjustments typically take 1.5 minutes on the HP 
5460QA mid 3.0 minutes on the HP 546Q1A. 

Parametric Final Test 

As ils name Implies, final tesl is the mosi critical step 
since i( checks final instrument performance. The set of 
tests performed on the HP 54600 family was driven 
largely by the two-signal-source design goal. Tests that 
traditionally were tested with a low-frequency sine wave 
were changed to use the programmable dc source de- 
scribed above. An example of this is trigger hysteresis, 
which is usually tested by using a 1-kllz sine wave and 
expanding the DUT time base so dial the signal on the 
screen appears as a flat line. The "de" value of this flat 
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n t if used as a measure of trigger sensil miy 

line is iheu computed for both positive and negative 
trigger slopes to obtain the hysteresis. In our case, the <iv 
source is slewed through a trigger level for both slopes, 
and the difference in trigger values equals the hysteresis. 
On the other end of the frequency spectrum, tests that 
normally use a high-frequency sine wave are replaced 
with tests using the fast rising edge of the production 
calibration module. Delta-T accuracy and time-base 
linearity are examples of tests that were easily converted 
to use the repetitive pulse train from the production 
calibration module. Trigger bandwidth is another example. 
Trigger bandwidth is typically computed by stepping a 
sine input to higher and higher frequencies until the 1)1 T 
fails 10 trigger. For the HP 54600 products, this parameter 
is computed in the following manner. First, the top and 
base of the square wave are measured using automated 
measurements in the acquisition path of the DI'T Using 
these voltages, the 10% and ;nr voltage levels are deter- 
mined. The trigger level is then programmed to the Hi- 
voltage and the zero-crossing point is measured in the 
acquisition path. This procedure is repeated for die <>o" 
voltage. Changing the nigger level from the 10% point in 
the 90% point causes a time slew in the acquisition path 
that is equal to the 10% to 90% rise time of the trigger 
path. Assuming that the response of the trigger path is 
second-order or simpler, the bandwidth of the trigger path 

can he calculated using: 

HWitrigger path) = OJSftrfse ('rigger path). 

Perhaps the best example of using new test algorithms 
I'nt the stimulus sources available is found in the band- 
width test. Bandwidth Ills traditionally been (lie most 
critical specification for an oscHlscope. It is usually 
measured with a high-tivqueuc;, sine wave and a power 
meter by measuring the frequency at which the oscillo- 
scope's gain is :! dli lower than the gain at ilc. Altema- 

I i !;■.. an oscilloscope can be deemed as passing the 
bandwidth lest if its response is less than 3 dli down at 
the specified frequency In the case of the HP 54600 
products, bandwidth is computed by acquiring the step 
response lo the production calibration module edge 
source, differentiating the step response to approximate 
i he impulse response, and taking the t'f'T [fast Fourier 
trmisli i m i (if the impulse response in arrive al the 



bandwidth. (See the article on page 29 for details of this 
technique.) Recalling that all the test hardware and 
software is self-contained, this means that the oscillo- 
scope can test its own bandwidth, an interesting result. 

Statistical Correlation 

in addition ro using new methods to test standard param- 
eters, the HP 54600 lest scheme uses statistical correla- 
tion to replace the measurement of one parameter with 
another. An example of Ibis technique can be found in 
the trigger tests. The tr . a measure of 

the DLT's ability to trigger on a small, high-frequency 
signal. This test is expensive in that it requires a leveled 
high-frequency signal generator and a time-consuming 
search for the signal while adjusting the trigger level. 
ForUinaiely. the value of the trigger sensitjvitj i^ propor 
tional to the amount of hysteresis in the trigger compara- 
tor. Until the frequency response of the trigger path 
begins lo affect the measurement, the trigger sensithiiy is 
exactly equal to the trigger hysteresis (Fig. 5). As long as 
the trigger sensitivity is specified at a frequency below 
In,, then the hysteresis can be measured instead of the 
sensitivity. Data acquired with the characterization system 
illustrates i lie correlation between these two parameters 
(Fig. 6). For both 25rMHz and 100-MHz lest frequencies, 
the two parameters are linearis related over the normal 
operating region. 

Another general example of correlation can be found in 
the number of vertical ranges used for the parametric 
tests. The single biggest reason for the traditionally long 
test times of oscilloscopes is ihal vertical range combina- 
tions are exhaustively tested. To see how iliis works. 
refer to Fig. 7. Let the first block represent an oscillo- 
scope attenuator, the second block a coarse gain control, 
and the third block another level of gain control iTtiis 
architecture is often used in oscilloscopes to achieve a 
wide range of vertical sensitivities.) If nothing is known 
or assumed about the interrelationships of Die blocks, a 
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Fig. 7. There arc 3 x 4 x 2 = 24 possible settings for this chain of 
three blocks, 

given test will require 3x4x2 or M combinations. In 
general the formula for N blocks is: 

Exhaustive combinations = I j M 

i = l 

where Mj is the number of settings of the itb block. On 
the other hand, if the blocks can be modeled as linear 
systems, then many of the above combinations will 
provide redundant information, ami the the number of 
unique combinations can be reduced to: 



Unique combinations 



i=l 



M, - (N - 1), 



while still varying only one block's setting per combina- 
tion. For the example above, using this technique results 
in 7 unique combinations instead of 84. Sometimes the 
number of combinations can be reduced even fun her by 
making use of a priori knowledge regarding relative 
performances across combinations. For example, by 
analyzing the underlying physics of a device's behavior, 
one can often determine which setting will produce the 
worst relative results. For tests with one-sided limits, it is 
then possible to lest only the known worst-case setting, 
and infer the performances of the other settings. For this 
method to work, the true mechanism behind the device's 
behavior must be known and repeatable. Another way of 
stating this is that correlations must be confirmed with 
causative knowledge. In the HP 54600 products, both of 
the above techniques were used to arrive at a very small 
set of vertical ranges for most tests, resulting in as little 
redundant testing as possible. 

Using the test minimization strategy detailed above, the 
final design for the production test system results in 14 
tests being performed. For the 4-channcl HP 54601 A this 
translates to 53 different parameters, compared to the 
over 200 parameters tested by the characterization 
system. Table II lists the parametric tests performed on 
each product and the signal source used. 





Table II 






Parametric Tests 




Test 




Source 


TV trigger verity 




i'ulse 


Bandwidth 




Pulse 


Rise time 




Pulse 


Uelta-T accuracy 




Pulse 


Time-base linearity 




Pulse 


Trigger bandwidth 




Pulse 


Hysteresis 




DC 


Trigger range 




DC- 


Offset 




DC 


Offset intercept 




None 


Peak-to -peak noise 




None 



Test limes for this step average 1.5 and 3.0 minutes for 
the IIP 5460OA and 54601 A respectively 

Data Collection 

For parametric data tracking, an HP 9000 Series 300 
computer is used to collect data from multiple test 
systems (Fig. 8). Since the production calibration module 
uses a TI 9914A GPIB controller, the production calibra- 
tion module is the bus controller in this architecture. The 
data collection controller uses HP 98624A HP-IB cards. 
The lest system transfers the data to an HP-IB card as if 
it were a printer, and the data collection system parses 
the ASCII data into floating-point numbers and suites 
them in a database. This implementation is particularly 
convenient in that the system can be duplicated in a 
low-volume version with only hard-copy data tracking. 
Also, troubleshooting technicians use this feature to print 
test residts. The specification limits residing in the test 
system software can be transferred to the data collection 
system using a function that operates in a similar manner. 
This makes it unnecessary to recode the limits in the 
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Fig, 8. Data collection scheme fortfte HP 54600 pi d u Hon test 
system. 
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dala collet-lion software. The serial number of Lhe DLT is 
scanned from a bar-code label on the printed circuit 
board. The bar-code scanner interfaces with the data 
collection system via an HP 98628A Datacomm carij 
serial number is transferred from the data collection 
system to the DLT, where it is stored in nonvolatile BAM. 
The data collection system is capable of generating test 
statistics in the form of histograms. x-R control charts. 



and c [)k analyses, as well as basic raw data dumps Ifes) 
cycle tune data is also available through this system for 
capacity planning purposes. Since lhe data collection 
system is offline from the main test process, reports can 
be generated at any time while the process is running. 
This provision allows either production engineers or 
production operators to assess the state of any of the test 
parameters at will. 



HP 1 6500 A Mainframe with 
HP 1651 BB Logic Analyzer 



Logic Analyzer Leeds 
Co n n ect to I nteg r ated 
Circuit Probes 



Stimulus/Response Defect Diagnosis in Production 



Since production processes are less than perfect there will always be de- 
parts that must be repaired or discarded Automated board testers help reduce ttte 

ira needed to troubleshoot any that remain. 
Simple signal tracing will generally suffice for diagnosis of analog circuitry, but 
diagnosis of digital circuitry can be difficult 

For troubleshooting defective digital circuitry, there are two viable implementation 
extreme; Either the defective assembly diagnoses itself, or external means 
(equipment and labor) are applied to diagnose the defect Self-diagnosis presup- 
poses that the assembly is at least partially functional and that sufficient up-tr in 
engineering effort has been invested to produce useful diagnostics The use of 
external stimulus/response test equipment also requires up-front investment and 
does not require functional circuitry, but does require labor for interconnections 
and equipment Somewhere between the extremes is a viable, cost-effective 
solution to the problem of production line repair 

If the product is in the early stages of development there will be more flexibility in 
choosing which method to employ. A bottom-up procedure for verifying the func- 
tionality of each circuit block will aid in revealing troublesome portions ot the 
design Based on this procedure some changes can be incorporated to make trou- 
bleshooting easier Even the most mundane issues such as part spacing for probing 
are often overlooked, to the detriment of the repair process. A review of the design 
by an experienced technician can reveal these kinds of oversights 

For high-volume production of complex products, a logic analyzer and a micropro- 
cessor emulator can provide the needed stimulus/response capability foi fast fault 
isolation in a cost-effective manner (Fig. 1 ) The emulator executes code designed 
to exercise the address/data bus and control lines while the logic analyzer looks 
for the proper edges and patterns. Both timing and state analysis can be 
employed A computer uses the bus programming features of the emulatnr and 
logic analyzer to automate much of the diagnosis 

For example, the emulator can execute code that writes to an address guaranteed 
to produce an output pulse from an address decoder The logic analyzer waits tor 
anedga in the proper direction and an error condition is signaled iftfteexpi I 
line does not assert In like fashion, the neighboring pin of the decoder can be set 
to trigger before the write occurs. If a trigger is received then there is reason to 
believe that a short is preventing proper operation 

With litis scheme even surface mount technology boards can be probed High- 
quality probe clips are commercially available for surface mount devices including 
SOIC and PLCC packages The emulator probe head can he cliuped on top of a 
PLCC-packaged microprocessui Ofl the target board by means of a suitable adapter, 
provided that the proper pull-up resistors have been designed into the product The 
logic analyzer probe leads are configured such that the logic analyzer probe pods 
do not require different connections to the probes to perform the diagnostics. In 
other words, the logic analyzer lead connections to the probe clips for a 2D-pin 
SOIC are made in such a way that the assembly can be dipped onto any 20-pin 
SOIC part on the product, with the computer programming the logic analyzer differ- 
ently as necessary to reflect the different pinouts for the integrated circuits. In this 
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Fig. 1. System used in HP 546D0 Senas oscilloscope production to imjoleshoot defective 
digital toarfls 

manner lengthy setup times for the tests can be eliminated since the probe config- 
uration is static and all that is required is clipping the probes to the device under 
test (DUTI 

The emulator can also be used independently of the logic analyzer The attending 
technician can invoke a routine that wntes a logic high onto one bit of the data bus 
while holding all other pins low A "walking ones" stimulus can also be employed 
to find bus lines stuck low nr high 

Digital to-analog converters IDACs) can be programmed to ramp over their entire 
rangi i All of 'hese effects can be observed by monitoring the proper lines with a 
logic probe or oscilloscope. Since the emulator has full control over the micropro- 
cessor product-resident self-tests are not necessary The product can even be 
booted using its own program code running dii the emulator to determine if the 
microprocessor is a; fault 

Depending en the level of preliminary design consideration given to troubleshoot- 
ing and the amount of stimulus/response program code written, it is possible to 
give program outputs such as "No finqc found U42 pin 5" or "Address bit 3 stuck." 
The value of these messages is obvious. 

Chris J Magnuson 

Manufacturing Development Engineer 

Colorado Springs Division 
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Results 

Results oil this project have exceeded our goals in many 
way;,. The average total test time for both HP 51600 
products is less than 9 minutes, meeting the l()x im- 
provement goal set at Che onset or test development. In 
terms (if capital equipment, £i single station for IIP 54600 
proilunioii icsi has a single-shift capacity of 36 units per 
day and costs one tenth as much as lest stations for 
previous products. Fig. 9 illustrates how dramatic the 
equipment reduction is. The test strategy described here 
results in considerable savings in production cost, which 
translates to a difference of several hundred dollars in 
selling price, significantly improving the value delivered to 
customers. Several other potential benefits of the built-in 
test strategy have also become apparent. Because of the 
low cost of duplicating the test system, each production 
technician is supplied a test system for use in trouble- 
shooting. The technicians can easily verify any correc- 
tions made to a DUT by executing the test that originally 
failed (see sidebar for digital troubleshooting techniques). 
Another bene lit is the relative ease of transfer to other 
manufacturing sites because of the low equipment re- 
quirements. This latter benefit is especially important for 
high-volume, low-cost products such as the HP 54600 
family. A tinal benefit is the experience gained regarding 
the ultimate limits of built-in self-test. For test and 
measurement instruments, this product serves as a good 
example of What can be done in the test arena when a 
coordinated strategy is employed. Although this strategy 
(-aiinoi lie used tor all products, we hope to leverage the 
ideas to new designs wherever possible. 
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Measuring Frequency Response and 
Effective Bits Using Digital Signal 
Processing Techniques 



Frequency response and effective bits are informative measurements of 
digital oscilloscope performance, and can be calculated by efficient 
algorithms using the fast Fourier transform 

by Martin B. Grove 



Two important measures of digital oscilloscope perfor- 
mance are frequency response and effective bits, 'Hie 
magnitude of the frequency response shows the voltage 
gain of the oscilloscope versus frequency Effective bits is 
a measure of the ratio of signal power to noise power. 
Any source of noise or distortion in the oscilloscope will 
reduce the number of effective bits. Thus, effective bits is 
a wideband measurement that gives visibility to several 
performance limitations. 

The digitizing architecture of the HP 54600A and 54601 A 
oscilloscopes allows efficient implementations of these 
measurements using digital signal processing techniques. 
Bold algorithms use (tie Iks! Fourier transform (TTT) to 
convert a digital time-domain waveform to a discrete 
frequency-domain representation. 

Frequency Response Algorithm 

A flow diagram of the algorithm for estimating frequency 
response is shown in Fig. la. A square wave generator is 
used lo apply a Ikst step input to the oscilloscope. The 
rcsiiliiiig digiial waveform represents the step response of 
the oscilloscope. The step response of the channel 1 
input or an HP 5-i(j0fiA at 100 mV/div sensitivity is shown 
in l-'iu. lli. The ( i r nt- derivative of Ihe slep response is I he 
impulse response, A discrete version of the true deriva- 
tive is performed on the digital waveform using the firsl 
backward difference operator, Fig. le shows ihe impulse 
response of the IIP -l-KiUOA. The jagged lines n still from 
noise in the step response amplified by the discrete 
derivative operation. This noise is attenuated by setting 

the HP 54600A in averaging mode. 

The frequency response is the Fourier transform of the 
impulse response. A discrete version of the Fourier 
transform is implemented using a fast Fourier transform 
(FFT) algorithm. 1 The estimated frequency response 
magnitude of the HP 54600A is shown in Fig. Id. The 
response is plotted tint to 200 MHz. The bandwidth can 
be read from (his plot and is equal to 140 MHz. Noise in 
the lieqiieney response results from Step noise in (he 
impulse response. 

RadiX-2 FrT algorithms require the number of points to 

be an even power of (wo. To achieve (his, Ihe impulse 



response is padded with zeros at the end of the wave- 
form. This does not affect the accuracy of the frequency 
response estimate. 

Sources of Error 

Several factors, however, do limit the accuracy. An 
understanding of the sources of error can help minimize 
these limitations. 

The most obvious source of error is the step input. The 
overall frequency response is a product of the contribu- 
tions from ihe step inpul and from the oscilloscope. Thus. 
i tie contribution from ihe step input should be Bat 
beyond Uie bandwidth of the oscilloscope. A first-order 
approximation for bandwidth is 0.35 divided by the 
10%-to-00% rise time. 2 To make an accurate estimate of 
the frequency response out lo the bandwidth of the 
oscilloscope (BW) with less than 5% error at the band- 
width frequency, the rise time (, of (he inpul should be: 

(,. < 0.:S5/(:iBW). 

The step input used for the IIP 54600A has a rise time Of 

">00 ps, giving a reasonable frequency response estimate 
out to 233 MHz. 

The frequency resolution of the FFT is also a limitation. 
The FFT algorithm produces samples of the continuous 
Fourier iransforin of the digiial impulse response. The 
frequency resolution M of the FFT is a function of the 
effective sample rate f s and the number of points N T from 
the oscilloscope: 

Af = fg/N. 

In a random repetitive oscilloscope, ihe effective sample 
rati', mil the sample rate of Ihe analnglodigital converter 

{.ADO, determines ihe frequency limitations of the FFT. 
The HP 54600A can place poiuis 100 ps apart and thus 

ha> a maximum el'feclivc sample rate oT 10 GHz: 

ta = 1/At, 

where At is (he sample period of Ihe oscilloscope and is 
equal to the time base range divided bj the number of 
points, A liOOO-poiul waveform from the IIP 54600A 
acquired ai Ihe maximum sample rate gives a frequency 
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response and 2-GHz sample frequency. 



resolution of 5 MHz. To obtain finer resolution requires 
cither increasing the number of points or reducing the 
effective sample rate by slowing the sweep speed. In Fig. 
Id, the effective sample frequency is 2 GHz and the 
number of points is 1000, giving a frequency resolution of 
2 MHz. 

Zero padding the impulse response can he used In 
increase the number of points. However, this does not 
add new information, and the resolving capability of the 
FFT is nol improved. For example, if zero padding 
extends the sequence lengih by a factor of two, then 
every other point of the FFT of the zero padded sequence 
has the same value as the FFT of the unpadded se- 
quence. 1 Thus zero padding has the same effect as 
interpolation: it fills in points between frequency samples 
giving a better visual image of the frequency response 
curve. 

Aliasing can cause error in the frequency response 
measurement. Aliasing occurs for frequencies equal to or 



greater than half the sample frequency (Nyquist frequen- 
cy). The power in the signal at frequencies above the 
Nyquisl frequency folds back and adds In I he power al 
lower frequencies, distorting the estimated frequency 
response. Frequencies higher than lite Nyquist frequency 
will fold back to a particular frequency f[ as follows: 1 



mf s - fj and mf s + f | alias to fj 



1,2,.. 



For example, in Fig. Id, the effective sample rate is 2 
GHz, so ihe power at 200 MHz includes the power al l.h 

GHz and al 2.2 GHz. However, litis [inner is small lie 
cause of the two-pole gain roll-off of the HP 54600A at 
frequencies above die bandwidth. 

Aliasing errors can be minimized by attenuating the 
power in the signal at frequencies greater than the 
Nyquist frequency or by increasing the sample rale. 
Single-shot digital oscilloscopes usually incorporate a 
low-pass filter to cut off power at frequencies greater 
than the Nyquist frequency. In the HP 54600A random 
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repetitive mode, the sweep speed is set fast enough to 
guarantee that the effective sample rate is much greater 
than the bandwidth of the oscilloscope. 

The discrete derivative is an approximation of the true 
deriv alive and causes errors hi the estimated frequency 
response. This eirnr can be quantified. Let x(n) represent 
a sample of I lie impulse response. The discrete derivative 
is simply: 

[x(n+l) - x(n)]/At. 

The error increases with larger sample interval M, or 
equivalentiy, with smaller sample frequency. The error in 
the frequency domain can be determined hy letting xfnt 
equal the complex exponential exp(jiim). Then the dis- 
crete derivative is: 

|exp(ju)(n+l)) - exp(jwn)]/AI 

where id = 2rd'Ai radians. The true derivative is: 

d 



dn 



expfjwnj/At = jinexpijiiinJ/Al . 



The magnitude of Hie ratio of the discrete derivative to 
the true derivative is: 

sin(<u/2)/(e>/2j - sinc(ii«/2) = sincfrEl'/fJ, 

The error in ihc discrete derivative versus cu is plotted in 
Fig. 2. Tlie Nyquisl frequency is equivalent to to = ir 
Indians. The error is negative and its absolute value 
Increases with increasing frequency. This error can be 
reduced by increasing Hie sample frequency f s . However, 
there is a trade-off, Increasing the sample frequency 
degrades the frequency resolution of the FFT. 

The slep inpul to the ADC will have a noise component 
front I lie signal generator and from the signal condition- 
ing circuitry of ihc oscilloscope. This noise is generally 
small enough lhal il causes only the least-significant hit 
(LSB) of the ADC m change randomly. The random 
fluctuation can be modeled as a white noise component 
added lu | he step response. This noise is amplified and 
high-pass Tittered by the discrete derivative operation 



: \i- /(rm _ a -. 

where M is tlie number of ADC codes, The noise in- 
creases as the number of points N increases. Reducing 
the number of [joints to reduce this noise must be trailed 
off with more error in the discrete derivative and poorer 
frequency resolution from the FFT. 

Fig. 3 shows the HP ">4ti()<iA frequency response estimate 

■ >int and 1000-point waveforms. The lOOG-point 
waveform has 7 dB more noise at the Nyquist frequency 
Tlie upper noise bound is also plotted. The noise ap- 
proaches I lie upper bound as predicted. The noise in the 
lower frequencies is caused by aliasing. Noise at frequen- 
cies greater ihau the \yquist frequency fold back to the 
lower frequencies. 

One method for reducing the noise without sacrificing Ihe 
number Of points is to average several time-domain 
waveforms. Tlie HP 54600A has a very useful averaging 
mode thai can average S. 64, or 256 waveforms. The 
averaging occurs in real time and is updated after each 
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acquisition. Fig. 4 shows the frequency response for no 
averages ami for 64 averages. Averaging in the time 
domain reduces Hie noise in the frequency domain by 20 
dB. 

Overall Performance 

Fig. 5 Shows the estimated frequency response for a sec- 
ond-order system. The second-order system was chosen 
to represent I he best fit for channel 1 of I he HP 546GQA 
al KMi-mV/div sensitivity. This best-fit model was derived 
from the rise time and overshoot of the step response. 2 
The model was then used to create a lOOO-poin! second- 
order step response waveform. White noise with variance 
equal to the noise variance in the HP 54600A was added 
to the step response. This step was then passed through 
the frequency response estimation algorithm ami plotted 
in Fig. 5. The true second-order frequency response was 
also plotted Noise dominates the response at 500 MHz or 
one-fourth of the sample frequency. At the 140-MHz 
room-temperature bandwidth of the HP 54600A, the 
estimation is repeatable to within ±0.1 dB of the true 
response. 



Effective Bits Algorithm 

Effective b&a in a digital oscilloscope is a measure of the 
signal-to-noise ratio (SNR). The power spectrum can be 
used to calculate the SNR of a signal. A plot of ihc 
power Spectrum shows the power in a signal as a func- 
tion of frequency. The block diagram for a power spec- 
trum estimation algorithm is shown in Fig. fia. A spectral- 
ly pure sine wave is input to the oscilloscope. The 
resulting digitized sine wave from the oscilloscope is 
windowed with a Harming window. The end of the 
waveform is then padded with zeros. The zero pad points 
should extend the waveform to at least four times its 
original length and the number of points to an even 
power of two. The extra zero padding improves | >< <m\ r 
estimation accuracy as will be explained later. The FFT is 
then performed to convert from the time domain lo the 
frequency domain. The magnitude of the FFT output is 
squared to give a scaled 1 estimate of the power spectral 
density. 

The area under die power spectral density is proportional 
to the total power in the waveform. Fig. 6c shows die 
power spectrum for a 20-MHz sine wave digitized by the 
HP ">4600A. The digital sine wave is shown in Fig. fib. 
The area under the lobe at 2b MHz is proportional to the 
signal power. The area under the noise floor is propor- 
tional to the noise power. The ratio of these two areas is 
an est i male of I he SNR. 

Effective bits can be calculated from the SNR (see page 
34): 

KIT bits = (SNR in dB - l.S)/(5.02 

where SNR in dB = lOlog(SNR). 

The 6.02 factor is equal to 20Iog(2), which represents one 
bit of an ADC. The effective bits calculated for the HP 
54600A using 8 averages and a 20-MHz input is 7,5 bits. 

Sources of Error 

Factors that limit the accuracy of the effective bits 
estimate include the spectral purity of the sine wave 
input, the resolution of the FFT. aliasing, and spectral 
leakage. The input should have an SNR al least 10 dB 
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greater than the SNR of the oscilloscope. Ismg it if 
effective bits equation above for (he 5 IF' 5460QA with 8 
would require: 

input SNR in dB > 10 + 8(6.02) + 1.8 = 60 dB. 

The ability to estimate signal and noise power from the 
discrete powei spectrum depends directly on the resolu- 
tion of die FFT. The frequency resolution of the FFT was 
given earlier as: 

•if = yN. 

Increasing the number of waveform points gives finer 
frequency resolution, but also increases the execution 
time. For a radix-2 FFT. the number of math operations is 
proportional to: 1 

Nlog 

Reducing the sample frequency also provides greater 
resolution at the expense of increased aliasing error. 

Spectral leakage refers to the spectral line lobes in I he 
frequency spectrum. The frequency width of the lobes is 
inversely proportional to the lengdi of the time-domain 
waveform. If the Fourier transform could be applied to an 
iiillnile--duralion waveform, the width of the lobes would 
be reduced to single spectral lines. The shape of the 
lobes depends on Ihe window applied to the time-domain 
waveform. A window is applied by multiplying each point 
in the window by each poinl in the time-domain wave- 
form. Multiplication in the time domain becomes convolu- 
tion in the frequency domain. 

Fig. 7 shows ihe frequency spectrum for I wo types of 
windows, each with 10(1 points The windows have been 
zero padded to give better visual displays. The rectangn 
lar window has a magnitude of 1 in the 11)0 point interval 
and a magnitude of zero outside tins interval This corre- 
sponds to truncating the tune-domain waveform. The 
main lobe width in Ihe frequency spectrum is: 1 

main lobe width = 2f</N 

The first sidelobe is 13 dB below the main loin- 1 . Each 
successive sidelobe falls off very gradually, since the 
power of individual noise components from the HP 
54600A is GO dB below the signal component (see Fig. 
Be), the rectangular window cannot be used for power 
spectral estimation. The noise components cannot be 
resolved from Ihe signal component 

The other window shown in F'ig. 7 is the Banning win- 
dow. The discrete time-domain Harming window win) is 
given by: 1 

w(n) = 0.5(1 - cos{2mV(N-l,'il. 

The width of the main lobe in Ihe frequency spectrum is: 

main lobe widlli - 4f s /\. 

The first sidelobe is ;il dB below ihe main lobe. Each 
successive sidelobe falls off very sharply. The sixth 
sidelobe' front the main lobe is attenuated niore than 60 
dB. Tin area m power under the main lobe represents 

99.6998% of the total spectral power at a | k ular 

frequency. Thus Ihe area of the main lobe is proportional 
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Calculating Effective Bits from Signal-To-Noise Ratio 



Analog-to-digital conveners (ADCsJ have limited voltage resolution. Sampling the 
analog waveform produces quantijation error noise. The signal-to-noise ratio 
(SNA) from the ADC is proportional to the number of quantuatian levels For an 
ADC with b bits, there are 2 C quantization levels. Effective bits is a measure o\ the 
SMR This measure can be applied to any signal The effective bits of the signal 
refers to the number of ADC bits required to produce an equivalent SNR 

Handom signal theory can be used to derive a formula tor effective bits as a func- 
tion of SNR. An ideal ADC has a maximum roundoff error of ± '/s quantization 
level Each quantization level has a magnitude of 

Q = A2 b 

where A represents the range of the ADC. Assuming that any roundoff error from 
the ADC between ±0/2 is equally likely, the probability density function for the 
error is uniform, as shown in Fig. 1 The magnitude of the probability density func- 
tion is such that the area under the probability density function is equal to one 
This ensures that there is a 100% probability of getting a roundoff error between 
+0/2 and - 0/2. 

The variance of a signal is proportional to its power. The SNR can be written- 

SMR in d£S = 1Qlog[var|signal)/var(erru[l| 
Lai the input xjtj to the ADC be a sine wave that covers the full ADC range 

xltl = (A/2|sink«t) 
where to is frequency in radians per second The variance of x|t) is: 



varMtl) 



1 f A 

2.t J '2 



smM)] ? d(tut| 



A? 

8 



The variance of the quantization errureiu Is 



varleltjl 



A2 «\ 



e z de 



= A3 -a 
12 

Substituting these variances into the SNR equation gives: 

SfJR.ndB = 10log[lI2/B)2 zb ] 

= 1 7B1 +6 021b dB. 
Solving for effective bits h gives 

b = 1SNR in dB-1761 1/6 021. 
Thus the effective bus is a scaled version of the SNR as expected 
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Fig. 1. Prnflabi I ity density I uncti on assumed lor quant uau an noise of an ADC with b 
bits anil a rang; of A 



to the power. Overlap of the main lobes in the noise 
spectrum causes error in the estimated power. This error 
is reduced by increasing the frequency resolution. 

In Pig. 6c, the sample frequency, which is adjusted by the 
sweep speed of the oscilloscope, is set so the 20-MHz 
signal lobe is at the very left of the spectrum. This cuts 
off the left half of the spectral leakage centered at 20 
MHz, minimizing the noise power covered up by this 
leakage. To estimate the area under the signal lobes 
accurately, zero padding is used. By experimenting, the 
number of zero pad points required was found to be at 
least three times the number of points in the original 
waveform. These zero pad points fill in the shape of the 
lobe but do not alter it. The SNR is computed by sum- 
ming the values under the main lobe of the power spec- 
trum and dividing by the sum of the values under the rest 
of the spectrum. The noise summation starts at the point 
where the sidelobes of the main signal are below the 
noise floor. 

For applications that require estimating spectral power 
rather than a ratio of powers, it is necessary to solve for 
the proportionality constant that relates the mean-square 
value of a signal to the power in the discrete power 
spectrum. If a Harming window is applied to the digital 



signal, then the proportionality constant is the inverse of 
the Hanning window power. The Harming window power 
can be found using Parseval's theorem; 1 

]T IW(k)1 2 = (N + N z ) ]T lw(njl a 

k = fl n=l) 

= (3/8) (N - 1) (N + N z ) 

where N is the number of window points, N z is the 
number of zero-pad points and W(k) is the discrete 
Fourier transform of w(n). 

Overall Aecirracy 

Fig. 8 is a table of actual bits versus calculated effective 
bits using the power spectrum estimation algorithm. A 
sine wave was created mathematically and then quan- 
tized. The resulting waveform was passed to the algo- 
rithm. The SNR and effective bits were calculated from 
the estimated power spectrum. The accuracy increases 
for an increasing number of points since the frequency 
resolution of the spectrum estimate improves. Accuracy 
falls off for ADC resolution greater than 10 bits because 
spectral leakage front the main signal mterferes with the 
noise spect nun. 
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oscilloscope. With an understanding of the limitations and 
sources of error, repeatable. accurate results can be 
obtained The algorithms rely on the FFT to convert 
digital time data to a discrete frequency-domain represen- 
tation. should be taken in applying die FFT because 

it is subject to finite-precision arithmetic errors. 1 The 
ability of the FFT to represent the continous spectrum 
improves with increasing effective sample rate. ADC 
resolution, and number of points. The HP 54600A and 
54601 A oscilloscopes are very well-suited for these kinds 
of measurement techniques. The fast display update rate, 
8-bit ADC resolution, 4000-point waveforms, average 
mode, and 10-Gilz maximum effective sample rate allow 
fast, accurate results. The frequency response magnitude 
estimates have been shown to be accurate within ±0.1 
(IB for frequencies less I ban or equal to the bandwidth of 
the oscilloscope. The effective hits estimates have been 
shown to be accurate within ±0.1 effective bit for 
signal-lo-noisc ratios less than or equal to (i2 tIB ( Id 
effective bits). 



Fig. 7. Frequency spectrum for i.u a 100-poini rectangular win 
dow and fb) a 100 pofni Hanning window 

Conclusion 

Both tin- frequency response and effective tats algorithms 
are efficicul in terms of lines of code and execution time, 
Rnlli tiicasurements provide a great deal of information 
about the performance characteristics of a digital 
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Mechanical Design of the HP 54600 
Series Oscilloscopes 

Simplicity of manufacture and a minimum of parts were the approaches 
taken to achieve high quality and reliability. Robotic assembly wasn't a 
consideration, so rotating motions were often chosen to mate components 
in final assembly. 

by Robin P. Yergenson and Timothy A. Figge 



Thf mechanical design learn for Ihe III' 54000 Series 
oscilloscopes shared the overall design objective of 
achieving the highest quality and reliability of any oscillo- 
scope available. Quality anil reliability must lie designed 
in from the star). The mechanical design beam felt that 
fhe most effective way to ensure (hat the instrument 
attained these goals was in make it simple to manufac- 
ture with as few parts as possible in go wrong in the 
field. 

With this In mind, fasteners have been eliminated where 
possible. Snap fits and sliding and rocking component 

lock mechanisms are employed. As a result, the Hi' 
646QQA and 54601A require a total of only 22 threaded 



fasteners for final assembly. Fig. 1 shows the components 
that go into tin- final assembly. 

Il was decided early on that robotic assembly would not 
be cost effective in any portion of the assembly operation. 
This allowed us to free our thinking a bit and forget the 
slraighl-Iine-inolinii assembly techniques often used to 
evaluate maiiufacUirubilhy. As a result, over half of I he 
assembly operations consist of a simple rotational attach- 
ment technique, Typically, one mating end has lingers and 
slots that interlock so that when one component is 
rotated into place, a slight Interference at the joint results 
in a retention load on the two components. The other 
end is aligned by component details and held together hj 
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;i screw or sua]) feature Fig. '2 shows examples of this 
concept This method of assembly ear reduce threaded 
fasteners by a factor of two The rotary motions of the 
parts, which would fie difficult and I inte-eons inning for a 
robot, are simple operations for manual assemblers. 

Tile use of keyhole standoffs also helps reduce fasteners. 
For example, die power supply mounts with a 9-mm 
sliding motion to engage the keyhole standoffs and one 
screw to eliminate sliding. Also, one side of the powci 
supply printed circuit board mounts to a card guide 
formed in the side of the sheet-metal deck with the same 
motion required by the keyhole standoffs, 

The knobs on the from panel of Die 111* fi4ii(>0 use an 
internal interference protrusion with a reverse draff angle 
to ensure that they slay fixed on the encoder shafts. This 
eliminates the installation time and complexity of set 
screws. The feature works amazingly well, resulting in 
knobs that push on quite easily, bul require a substantia] 
increase in force io remove. 

The electronics of the HP 54600 family consists of four 
assemblies: power supply, display, keyboard, and system 
board. Each of these components arrives at I he assembly 
line fiillv tested and readj for installation. To keep 



interconnection problems to a minimum, only two ribbon 
cables are used inside the UP 54600. These features result 
in a total assembly time of less than 12 minutes, one-third 
that of previous designs. 

Even with an estimated mean time between failures of 
50,000 hours it still seemed appropriate to include ser- 
viceability as an objective. Removing two screws (see Fig 
3) from the cabinet allows the remaining chassis assem- 
bly to be slid oul of the cabinet to permit removal nl'tlie 
front panel, system hoard, display module, power supply, 
or fan. Although caution must be used when the cabinet 
is removed, the instrument remains fully operational to 
allow easy access for troubleshooting. With the cabinet 
removed, access holes in the front panel allow calibration 
for flatness and overshoot (see Fig, 1 ). 

'lu satisfy the instrument's cooling requirements the 
enclosure Ls pressurized with an 80-mm de brushless fan. 
The air flows across the power supply and display 
modules and then wraps around the sides to flow over 
the system board and out the ventilation holes, winch are 
along the bottom of the cabinet. The narrow ducting area 
along the bottom of the cabinet results in a venturi effeci 
which provides a relatively high airflow velocity across 
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Fig. 5 Airfli m to the HP 54© « > Series 

the system hoard (see Fig. 5). The 20 cubic reel per 
minute of air flowing through Lhe box results in ail 
average air temperature rise of only about 8°C above 
ambient. To satisfy environmental conditions requiring 
additional cooling, a thermal sensor inside the iustrumeni 
ramps the fan voltage from 8.5V to 14V depending on 
incoming air temperature. This way the instrument is 
extremely quiet at standard room temperatures without 
compromising component life when used in harsh condi- 
tions. 

Portability 

General-purpose oscilloscope users want to he able to 
move an oscilloscope easily, so portability ranked high on 
the list of mechanical design objectives. The size evolved 
out of an earlier derision to put the whole oscilloscope 
on one board and to minimize raw board costs by having 
four boards per panel. This gave us a tentative board size 
of about 8.5 by 1 1 inches. The project's first manager 
suggested [Hitting the oscilloscope board oppnsile the 
power supply and display modules with the sheet metal 
deck separating them. This configuration helps isolate 
sensitive electronics from the magnetic fields associated 
with the power supply and display modules and to a large 
degree defines the footprint of the instrument. A .'J/J -width 
cabinet (about 12.5 inches wide) meets IIP industrial 
design standards and works well with the 1 1-inch board 
dimension. The height is based on clearances required for 
the display module. Although the final configuration 
diverges from lhe deep aspect ratio of some other oscillo- 
scopes, the resulting display area is nearly twice that of 
these other products. 

The relatively lightweight plastic resins that make up the 
cabinet along with the single-board configuration result in 
a weight of about 11 lb. Light weight, a generously 
radiused hail handle for maximum carrying comfort, and 
cord wrap fee? for the power cord ampl> satisfy the 
design objective for portability. 

Ruggedness 

A Further design objective for a portable product is that it 
be rugged. By making the instrument light so that it 
satisfies the design objectives for portability we created a 



product that could be thrown higher too, and that in- 
creases lhe need for ruggedness Ill's standard Class B-l 
environmental tests require that lighter instruments 
survive higher levels of shock. The HP 54600 family is 
subjected to a 51)% energy increase in shock tests 
compared to a 20-pound iustniment of the same class. 

On the other hand, there are some obvious advantages to 
having a small package size. Compare a short instrument 
and a tail instrument, both positioned on their rear feet 
and both with a similar base. The short instrument offers 
greater stability against tipping because of its lower 
center of mass, and when tipped over experiences lower 
impact forces than the taller iustniment. The L'.S. 
MIL-T-28800D standard requires just such imparl tests on 
this type of instrument. 

To enhance the products resistance to impact, a highly 
impact-resistant ABS/poly carbon ale resin blend was 
chosen for lhe enclosure. While this material exhibits only 
moderate stillness, its resistance to impact is two to The 
times that of most of the suffer modified resins. Ribs 
were added where a higher level of stiffness is required. 

The rear feel were quite vulnerable lo impact. B\ inte- 
grating them into the cabinet (see Fig. 3), providing four 
load-bearing walls on each foot, and adding generous 
fillets lo reduce stress concentrations, the vulnerable foot 
problem was eliminated. The handle is molded of an even 
more impact -resistant polycarbonate resin and was tested 
to support the cabinet with a static load of over 1 1 HI 
pounds. 

Although cosmetic blemishes resulting from rough field 
handling do not affect the performance of the instrument, 
we wanted to minimize them. By ruling out any external 
paint operations and by molding in custom colors, the 
final textured surface was made resistant to scratches. 

To meet our objectives for ruggedness on the inside of 
the cabinet, we chose a tempered steel alloy for the deck 
which allows it to withstand higher levels of stress while 
preventing permanent deformation. Rubber bumpers 
serving as shock isolators are strategically located lo help 
protect some of the more sensitive internal components 
from impacts. The resulting product nol only passes HP's 
own internal ruggedness tesls but also meets I'.S. 
M1L-T-28!S0II|) shock and vibration requirements for Type 
111, Class 3, Style it equipment 

Low Cost 

It was apparent that the package for lhe 111 1 5-lliOO Series 
would have to bear its share of the cost redueiions. The 
strategy to achieve this goal was to integrate as many 
parts as possible, and lo hard I oof'- all mechanical parts. 

One example is the handle design. Most bail-type handles 
consist of a number of separate parts requiring several 
steps to assemble. The HP 54600 handle is one molded 
pfece. lis size and design make it comfortable to use and 
it provides six commonly used detent positions. The 



"Hard-treted pans ate those for which toots ot high-quality sseel have been made in antici- 
pation at long ptoduction iuns 
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handle mates to the side wall of the cabinet, which has 
handle removal and position defining features designed in 

(again only one pan). The cabinet also has an integral fan 
grill and has most of the rear-panel text molded in to 
avoid as many add-on labels as possible. 

Much of i lie internal structure has also been integrated to 
a high degree. All main subassemblies in the HP 54600 
family, excluding the handle, are held in place by a 

. ,■ ■ Lssembly (see Fig, 1), The deck provides 

,! rigid platform for the instrument and all the mounting 
structure and EMI isolation for the system board. Every 
feature excepl one fold in the deck is done on hard-tool 
sheet-metal dies. 

To provide shielding between input channels, die-cast 
attenuator rovers are used. These covers combine the 
required shielding with BNC connectors east in place, aU 
mounted to the deck with the previously mentioned hook 
and rotate motion and one screw. 

No machined parts wen' designed for the HP 54600. The 
hard-tooled parts require no secondary machining other 
than sprue removal oh the large plastic parts. Castings 

are designed to be flash-free, and sheer-metal dies with 
burr-free lolerancmg are used. As a result, the cost goals 
sel early in the project for the package were achieved 

User Interface 

Much lime and consideration were pm iuin ihe asm 
interface Ear the IIP 54600. The layout of the controls and 
nomenclature (see Fig. 6) was painstakingly scrutinized 

by the entire project team. Focus group sludies were 
done to discover the types of knobs and but tuns custom- 
ers prefer most on a 100-MHz oscilloscope. Of Course, the 
final choices had to be tempered by our aggressive cost 
goals. The result is a keyboard/keypad combination that 
provides very intuitive control ai an extremely low cost. 
The keys hinge about their upper edge to eliminate the 
annoying wobble of previous elastomeric keys. These 
keys also have a tactile "pop" that gives the user a cleat" 
signal that the key lias been depressed, without the use 
or expense of an audio beeper. 

Two types iii" mechanical rotary encoders are used behind 
the front-pane) knobs: detented and smooth. The detested 
version lias a custom spiring ami lubricant to provide the 
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user with good positive feedback without requiring too 
much torque. The smooth feel of the other encoder type 
is provided by heavy lubricants inside the encoder. This 
gives the user the feet of a quality damped control. 

The front-panel knobs were designed with the customer's 
mode of operation in mind. The large knobs on the 
detented encoders are intended to be grasped by the usei 
and turned slowly in definite steps, as a user turning 
vertical or time base settings on an analog oscilloscope 
would do. Raised flutes on the knob facilitate this mode 
of operation. The small knob used on the smooth encoder 
has no flutes so I lie knob and encoder can be spun in the 
fingers of the user. 

Familiarity was another goal for the front panel. Custom- 
ers are comfortable with analog or hybrid oscilloscope 
interfaces. To many customers, the HP 54600 looks like 
an oscilloscope they learned to use in school or on theil 
first Job Customers expect to And the intensity control, 
ground reference, probe compensation, and power switch 
on the front of a 100-MHz oscilloscope. The front panel 
of the HP 54600 attempts to meet these expectations 
instead of trying to change them. 

EMC Design 

EMC designs of the past have depended upon gasketing 
techniques, at the seams that are typically expensive and 
labor intensive. The injection-molded enclosure used in 
our design allowed ns to integrate the features required 
to provide reliable mating contact into the parts them 
selves and helped reduce pail count, labor and cost. 

The HP ration cabinet design is a "deep can" configura- 
tion that minimizes Ihe number of enclosure scams and at 
the same lime simplifies the type of relative motion 
required for proper engagement of the cabinet and the 
front panel. To provide reliable contact force every inch 
or so along Ihe perimeter of the seam, the knife-edge of 
the cabinet slides in between die stiffening ribs and the 
outer wall of the front panel (see Fig. 7). Interfering 
bumps along [Ik wall of Ihe front panel force Ihe knife- 
edge of the cabinet to "snake" back and forth between 
the interfering bumps and Ihe stiffening ribs, resulting in 
reliable contact lone between the two mating parts. This 
design also minimizes the insertion force required to male 
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Froni-Panel 
Interfering Bumps 




the two parts. When the parts are fully engaged, an 8-nirti 
overlap between them offers additional eapaeilive cou- 
pling to helii minimize the potential different* between 
the two parts at higher frequencies. 

Once adequate mating contact was achieved between the 
two nonconducting materials, a method was needed for 
making I he enclosure electrically conductive. The design 
required good surface conductivity, which ruled out 
conductive-filled plastic. We were trying to avoid externa] 
painting operations so that process rejects, high cost, and 
ugly scratches resulting from customer use could be 
avoided. This ruled out double-sided plating (although we 
knew that we could fall back on it later if our shielding 
requirements became too high). Conductive paints didn't 
offer the kind of wear characteristics or the consistent 
coating thickness that we desired. The two remaining 
options that were si ill under consideration were selective 
plating and vacuum metallization. Selective plaiiug was 
considered to be higher in cost and was believed to have 
certain process problems that could result in delivery 
problems. Our early data suggested that the vacuum 
metallization process under consideration would provide a 
low-cost alternative while providing the good surface 
conductivity, adequate wear characteristics, and consistent 
coating thickness that were desired. The supplier who 
would be molding our enclosure pruts had an aluminum 
vacuum metallization process in-house. so we chose the 
vacuram metallization process. 

This particular eoulius process results in aluminium 
thickness measurements of 0.5 to 5 micrometers (20 bo 
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200 microinches). For the frequencies thai we are trying 
to attenuate, the enclosure is in the near field of the 
source and the Held is primarily magnetic. Normally, I he 

primary means of attenuating these high-frequency mag- 
netic fields is through absorption loss, buJ that requires a 
much greater thickness lhau ihe vacuum metallization 
process provides. Reflection loss then becomes the 
remaining means of attenuation. With the majority of the 
oscilloscope electronics on one hoard and some careful 
EMC design on the part of the electrical designers, the 
shielding thickness proved to be sufficient. 

Oilier aspects Of the HP 541)00 EMC design are covered 

in the article on page 11. 
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EMC Design of the HP 54600 Series 
Oscilloscopes 

By a combination of electronic circuit design and mechanical shielding 
techniques, the design meets German FTZ standards and, with optional 
shielding, most U.S. military standards for electromagnetic compatibility. 

by Kenneth D, Wyatt 



The EMC design of the HP 54600 Scries digitizing oscillo- 
scopes consisted of a combination of circuit board 
suppression and mechanical design techniques. Since the 
entire product (including enclosure] was a eorapletelj 
new design, we had an opportunity to design in RFI 
suppression techniques from the very start of the develop- 
ment. This article describes the design and test methods 
employed to ensure that the products met international 
and military 7 EMC standards. 

RFI standards for HI 1 products typically include the 
German FTZ 1046 Class B llinil (similar to the U.SA FCC 
Class B limit).* Additionally, we decided to attempt to 
meet the C.S. MIL-STD-UilC RFI requirements as speci- 
fied in the environmental stanita.nl .MILTiiS-isOUlJ. Meeting 
ihi'se military standards imposed much mote stringent 
design goals than normal. Since one of the primary 
drivers nt" the IIP 54600 design was cost, early EMC/RFI 
integration was necessary. By considering EMC earl} in 
the system design, we hoped to minimize the cost of 
achieving the multiple goals of both international and 
military standards. In Die etui we were forced In offer 
two of the more costly suppression methods for some of 
the military requirements as options. We felt that the 
additional cost involved should not be imposed on r I n ■ 
majority of customers, who would not require the addi- 
tional shielding. 

Enclosure Design 

We knew that older enclosure designs included too many 
seams for easy RFI suppression. Therefore, we decided to 
start wiiii fresh ideas. Several concepts were suggested 

and we finally settled on a two-parl molded drsign. 
coated on the interior with a 2.5-^m-thick layer of rapor- 
deposiled aluminum.** One of the parts is Die main 
cabinet and the other is the from panel. This two-part 
enclosure concept reduces the numbet of seams to the 
minimum required for access to the electronics. The 
aluminum is applied to all sides of the seam area so that 
good contact is made between the cabinet and the front 
j ianel. 
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Fijj. l.TU main seam thai foms the ftoni panel to the cabinet is 
formed bj a knife-edge on tl i eabint i that fits between i 

raised I ps I stiffening ribs on the fronl pam I Also see Fig. 7 

mi page m 

The seam design is a continuous, overlapping "knife- 
edge", which fits in a slightly zigzag manner between a 
series of raised bumps and stiffening ribs, These stiffen- 
ing ril is are spared about o to 6 em apart all Ihe way 

around the seam, providing a distributed pressure to 
ensure a good electrical connection. Molded bumps 
between Die contact fingers act as additional contact 

points, Fig. 1 shows the main seam details. Tins design 
provides uniform contact while allowing easy disassembly 
vvilhoul i he need tor special tools. The maximum spacing 
of alioui 3.5 cm between contact points yields a theoreti- 
cal shielding effectiveness of 30 dB at ."On MHz. We 
performed several tests on both Die seam itself and the 
enclosure as a whole to confirm the shielding perfor- 
mance. 

Enclosure Testing 

Several evaluation techniques were used to assess the 
RFI performance of the enclosure before building a 
finished electronic prototype. A number of proof-of-con- 

oepi tests were performed on a gtued-togelher prototype 
enclosure. These tests included near-field seam leakage 
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Fig. 2. This photo shows an option module ecwer being measured 
using the shielding effectiveness fixture and a mm nil analyser. 
This vii 'ids a a .1111 linn niK pli i) of shielding effectiveness versus t're- 

■ • \ for thin shielding materials 'i ■■ ti hniqm illowsacona 
parisoc "1 differenl shielding u i hniqttes 

tests using an IIP 11940 A close-field probe and far-field 
tests with a harmonic- comb generator placed within the 
enclosure and measured as if it were a finished product. 1 

The first enclosure testing consisted of a measurement of 
the basic shielding properties of various conductive 
plating choices. For this test, a pair of IIP 1 194GA close- 
field probes were used tip to tip, one being the transmit- 
ting source and the other the receiver (Fig, 2). These 
probes were connected lo an HP 8753B network analyzer 
and the transfer characteristic of the measurement system 
(without shielding material) was normalized to zero dB. 
The shielding samples were then placed between the 
probe tips and the near-field magnetic shielding effective- 
ness plot was obtained directly from the screen. This 
method allowed a quick comparison of several different 
shielding materials. Since the close-field probes were held 
by posts on (he fixture, it was possible to measure 
various points of the actual molded parts to verily shield- 
ing performance and consistency. 

Once molded prototypes were available, the comb genera- 
tor was mounted within the enclosure. The comb genera- 
i Di' simulated a very noisy product by emitting strong 
harmonics every 5 MHz from 30 to 1000 MHz. Willi the 
generator in place, scam emissions were measured with 
the 11940A close-field probe. A composite emissions 
characteristic was recorded using a spectrum analyzer 
and the signal leaks were noted-, This emission recording 
was repeated for each mold trial lo irark the general 
progress of the design and to allow improvements to be 
incorporated into the mold before the electronic proto- 
type was available. 

Finally, far-field testing was performed, again using the 

comb generator as a simulated prod tin. By measuring the 
difference in signal strength between the generator in the 
enclosure and the generator without the enclosure, a 
rough idea of the system shielding effectiveness (includ- 
ing all apertures and seams J was obtained. The video 
display module, keyboard, and steel deck were mounted 



within the enclosure to fill the larger apertures and more 
closely resemble the finished product The prototype 
enclosure was tested at a 3-meter distance in an anechoic 
chamber. First, the harmonic levels of the generator were 
measured. Then, the generator was placed inside the 
enclosure and the harmonics were remeasured. For each 
measurement, the product was rotated in azimuth and the 
highest harmonic levels were recorded. The difference in 
readings then indicated the worst-case shielding effective- 
ness. Fig. 'I shows a typical plot of shielding effectiveness 
versus frequency. This teclmique exposed weak areas of 
the total system design before installing the electronics 
and allowed the mechanical and electronic design efforts 
to proceed in parallel. 

Together, these tliree evaluation techniques allowed us to 
determine weak areas of the enclosure design before 
completion of a prototype oscilloscope. Tire net result 
was a good enclosure design early enough in the product 
cycle so that the costs for RFI reduction were minimized 

Option Module Design 

The HP 54600 oscilloscope includes option modules 
which plug onto I be rear of the instrument and provide 
custom I/O and computer control. These modules are 
made of molded plastic and coated with the same ■vacu- 
um metallization process as the main enclosure. The 
challenge from an EMC point of view was how to ei >i i 
nect the module shield and main enclosure shield togeth- 
er well enough to prevent RFI when both coatings wen' 
on the inside of their respective moldings. 

The option module is connected to the main enclosure by 
a 50-pin connector and three metal-coated hooks which 
fit into three openings in the main cabinet. The connector 
(similar in style to an I IP-IB connector) includes a 
grounded shell extension which overlaps the raised shell 
of the mating connector. We had originally hoped that 
these overlapping ground connections and the three 
hooks would adequately join the module and main eabi- 
nel slue Iris together. Unfortunately, tire connector half in 
I lie option module was soldered directly to the circuit 
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board inside and thus was not grounded well enough id 
die module shield, so ihe initial result was very strong 
emissions once the module was attached to the oscillo- 
scope. 

When dealing with enclosure design, ii is useful to 
consider each enclosure (in this case, the module and 
oscilloscope) as a separately shielded EMC environment 
Any untreated penetration of either environment (by a 
wire, or by a connector in this case) will allow internally 
generated noise currents to escape, thus reducing the 
effectiveness of the environment's shield. Since the 
lector of the module was not directly connected to 
nodule shield, internal noise currents were allowed 
outside the shield at die connector resulting in an in- 
crease in emission level. To fix this, an EMI finger - : 
strip was staked directly to the module enclosure half 
and against the metallic coating as shown in Fig. 4. The 
flexible beryllium copper fingers press firmly to the 
ground shell of the module connector and reduce the 
emission level by 3 to 8 dB. 

Circuit Suppression Design 

One of the real keys to our radiated emissions success 
was the source suppression techniques used on the 
circuit board. Three methods were used: decoupling of 
the crystal oscillators, proper bypassing of each IC, and 
EC filtering of clock signals at the primary buffer gate. 

It is well-known thai crystal oscillators or other high-fre- 
quency periodic signals (such as clock lines) arc among 
the primary sources of radiated emissions on circuit 
boards.- Three crystal oscillators are used in (he circuit 
design: 10.73, 40, and 80 MHz. These high frequencies 
required that close attention be paid to circuit trace 
layout and board design. All oscillator circuits are well- 
bypassed and decoupled from the rest of the circuit 
board wilh an L filler consisting of a small 77-ohm ferrite 
bead and a D.l-fiF multilayer ceramic chip capacitor. 
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Fig, 5 An RC Biter is install 

bufier circuit. The filter slows down the rise time of 1 1 
luces die clock harmonics. 

All ICs are liberally bypassed from the supply pin to 
ground with 0.01-riF or 0.1-hF chip capacitors. Each 
package has one or more as appropriate. The larger 
ASICs have both bypass capacitors and filter networks to 
control noise generation. 

The last primary RFI reduction technique used is a simple 
RC filler network on the microprocessor clock buffer/di- 
vider (Pig. 5). Clock rise times are a major cause of 
emissions and an* often "1 ns or less, depending upon the 
logic family used. Very often, these fast edges are unnec- 
essary. 

II the Fourier series of a trapezoidal waveform is ana- 
Kzed. ii "ill Ke noted Ihal I lie envelope containing the 
noise current harmonics starts rolling offal a 20-dB/de 
cade rate and then decreases at a 40-dB/decade rale wilh 
a break frequency that depends only on the rise (or fall) 
time of the square wave (Fig. ti). By slowing the edges of 
the clock signal, the harmonic content can be substantial- 
ly reduced. Radiated clock harmonics have been reduced 
by 6 (o 12 dB merely by adding this simple RC network. 
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Sowing down the rise time shifts this breakpoint down In frequen- 
cy and reduces the plitudeof the high Frequenq harmonies 
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lielated In tin- edge speed problem is In- use of East 

devices. In one case, a transistor with an I"t of S GHz was 
used to amplify an 80-MHz nigger signal. The rise time 
for this device was 2 ns and we were measuring a strong 
harmonic ai 800 MHz. By changing in a different device 
with an ft of 1 GHz and a rise time of 3.5 ns, the har- 
monic amplitude was reduced l>> 6 dB. 

Printed Circuit Board Design 

The circuit board is a six-layer, single-sided, surface 
mounl design. Full ground planes are used to provide 
both a ground plane and additional isolation between 
trace Ja,\ers. All seCOndaTJ power r« isulaieii v, nh 1. lilieis 
consisting of a multiturn ferrite core and multiple chip 
capacitors at the board power connector. This prevents 
circuit board noise currents from traveling out the power 
supply wiring. 

Another suppression technique is component grouping by 
function and speed. The power input and filtering are 
located at the rear of the board, well away Trout other 
sensitive or noisy connectors. The crystal oscillators are 
located close to the power filter section and away from 
sensitive analog inputs. The analog circuitry 7 is located on 
one side of the hoard, while the high-speed digital circuit- 
ry is located on the other. Plenty of filtering and decou- 
pling is used on all supply traces to prevent noise cur- 
rents from flowing from noisy areas to sensitive areas of 
the board. Much of lire analog circuitry is contained 
within a cast shield to prevent interference from external 
fields. 

The circuit board is also attached to the steel deck, 
which serves three purposes. Besides serving as a struc- 
tural portion of the system, the deck provides about 10 
dB of low-frequency (60 Hz) shielding and also serves as 
an image plane.' An image plane acts to confine external 
fields generated on the circuit board to the area between 
the board and the plane. The large metal surface forces 
any electric (E) and magnetic (H) field lines impinging on 
its surface to rotate orthogonally. As the image plane is 
moved close to the board, this forced rotation tends to 
cancel both the E and H fields that original e on the 
board. This technique (which is free) further reduces I hi' 
radiated emission sources within the oscilloscope and 
helps lower system RF1. 

Power Supply Filtering 

Design constraints on the power supply filter circuit made 
for another major challenge. The oscilloscope must be 
able to use any power source worldwide, so it has to 
operate from 90 to 270 volts and from 44 to 440 Hz, 
automatically, without user-set table <u itches. We also had 
to meet safety leakage current limits (3.5 niA, maximum t 
at any voltage/frequency combination, and we had to 
meei both FTZ lYfgj 1046 < iass B (based upon the 
German VDE 0871 standard) and MIL-STD-luTC C'E-03 
(U.S. military) conducted emission limits. Finally, because 
of cost constraints, we could not use shielded power 
entry' modules (PEMs), The entire filter circuit had to be 
designed with discrete components mounted on the 
power supply hoard. To say that this was a challenge 
would be an understatement. 



One iiiaj.ii difference between FTZ L046 and MII.-STH-H'.I 
conducted emissions tests is dial for FTZ 1040. noise 
voltages are measured, while for MIL-STU-461, noise 
currents are measured. Thus, the filter design for FTZ 
1046 needs to look like a low impedance (shunt capacitor 
to limit the voltage), while the design for MIL-STD-4<>1 
needs to look like a high impedance (series inductance to 
limit the current). Thus, the filter topologies chosen for 
the two standards tend to be diametrically opposed. 

Our filler vendor ultimately proposed a filter that re- 
sembles a typical FTZ 1040 topology with series inductors 
to reduce the MIL-STD-401 noise currents. The circuit is 
shown in Fig. 7. 

System Design 

Since the circuit board assembly contains conned ors at 
each end, the usual nuts that attach the oscilloscope 
probe BNC connectors to the front panel were eliminated 
to avoid stresses on the enclosure. The BNC connectors 
are part of a cast shield assembly thai attaches direct h- 
to the main circuit board and then to the sieel deck with 
a screw. These connectors are simply pushed through 
matching holes in the molded plastic front panel as the 
circuit board is installed. This was another EMC design 
challenge in that we were originally counting on a fairly 
long path to ensure an adequate ground connection (or 
cable shield termination) between the BNC ground and 
the shielded enclosure of the oscilloscope. The result was 
a liigher level of probe cable radiation then we could 
tolerate. 

The solution to this is a thin, nickel-coated, phosphor- 
bronze shim placed between the cast BNC shield assem- 
bly and the front panel This shim includes four connec- 
tion points (90 degrees apart ) which press around the 
perimeter of each BNC connector. Other tabs press 
between the deck and front panel. The shim provides a 
good connection between the circuit board and (he 
enclosure, thereby reducing probe cable radiation. 

The other system problem stems from the use of a 
raster-scanned CRT display. Large magnetic fields (GO-Ilz 
vertical and 25-kIIz horizontal) are used to drive the 
electron beam, and these fields radiate from the oscillo- 
scope display. The 60-Hz field can interfere with other 
nearby CRT displays, and vice versa. Also, other low-fre- 
quency fields (from power transformers, typically) can 
interfere with the oscilloscope display, causing the display 
to swim or wiggle. Finally, the 25-kHz field radiates 
strongly out the front of the CRT and can be picked up 
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by the oscilloscope probe tip as far away as one to two 
feet- If the user measures sensitive circuits directly in 
&01U of the CRT, they will tend to pick up this horizontal 
tal Passage of the radiated emission and 
liil'ility portions of MIL-STD-461C requires both of 
these fields to be considerably reduced. The optional 
shields previously mentioned were designed to help with 
both of these problems. While the product meets commer- 
cial EMC standards worldwide, some customers may 
the additional shielding provided by these options. 

Option 001 is a mumetal shield that snaps over the CRT 
deflection cutis. This both reduces the external fields 

exiting the oscilloscope and. more import. educes the 

susceptibility of the display to tow-frequency external 
fields (such as power transformers). Unfortunately, even 
with the shield in place, we are unable bo comply fully 
with the RE01 (magnetic radiated) oi KSfrJ i magnetic 
susceptibility) tests of MIL-STD-4iilC because (he fields 
from these tests can enter through the front of the CRT 
display and upset the displayed waveform by moving the 
electron beam. This is a disadvantage of all raster- 
scanned CRT displays- 



Option 002 is a conductive filler shield that is attached in 
front of the displa> screen This shield reduces the E 
fields at the horizontal scan frequency of 25 kHz exiting 
the front of the CRT display. This filter screen allows the 
oscilloscope to meet the RE02 emission requirements of 
M1L-STLMG1C. Additionally, it solves the problem of 
25-kHz CRT emissions entering the oscilloscope pro 1 
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Digital Oscilloscope Persistence 



Autostore, a storage technique for monochrome digital storage 
oscilloscopes, displays historical traces at half intensity and the most 
recent, or live, trace at full intensity. The technique allows new ways of 
viewing signals. 

by James A. Kahkoska 



The advent of digital oscilloscopes brought new tech- 
niques of simulating analog persistence and storage using 
raster CRT technology, Digital raster persistence in digital 
storage oscilloscopes simulates the screen persistence 

found on analog storage oscilloscopes. To dale, various 
forms of digital raster persistence have existed. The latest 
form for monochrome digital storage oscilloscopes allows 
the user to view both ibe current signal and all worst- 
case signal excursions. This storage technique can be 
applied [<> a wide variety of real-world problems, ranging 
from its use as a simple "electronic grease pencil" to 
complex Cl'H system analysis. 

Id simulate analog persistence, digital variable persistence 
is used. Each pixel that is exciled as | he signal is dis- 
played is time-tagged. The time tag allows the pixel 
erasure lime to be determined based on the user-selected 
persistence time. 



The most powerful use of digital persistence is infinite 

persistence. Pixels are never erased, so all signal excur- 
sions are accumulated iiulefinilcly without ibe fading or 
blooming commonly associated with analog storage 
oscilloscopes. Infinite persistence is invaluable for catch- 
ing infrequent events or making worst-case measurements. 
One drawback of infinite persistence is that the live trace 
information is tost in Ibe historical signal excursions, 
making it difficult to see the current signal. 

Autostore 

To overcome ihis problem, Hewlett-Packard has 
introduced a new form oi infinite persistence, called 
autostore. En autostore mode, half intensity is used to 

display all historical signal exclusions while the current 

signal is shown at full intensity. Simple one-key operation 
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Fig. 1. 1 tomparison of an autostored good unit sign i at half tntensltj 
with .1 bad unfl signal ai Full infcen 

allows the user to move into and out of autostore mode 
quickly. 

A common iroubleshooiing technique used by technicians 
is comparison of a good unit with a bad unit. Either 
operator memory or a grease pencil is used to remember 
the signal eharacl eristics of the good unit Autostore 
allows [Vest, iu-cnraie signal comparison with the minimum 
number of keystrokes. The user simply enables autostore 
briefly to create a half-intensity image of the good signal, 
then probes the bad unit for comparison. Small signal 
details that might otherwise go unnoticed are easily 
identified. To remove the electronic grease pencil, the 
use i simply presses Erase. With (hree keystrokes, the user 
call record, compare, then erase the image. Fig. 1 shows 
the comparison of an autostored good unit signal wiih the 
bad unii signal at hill intensity, The slight variation in 
pulse width might go unnoticed if the two units were 
compared visually. 

The main strength of autostore is the ability to view all 
signal excursions while distinguishing the current live 
trace. This allows the user to adjust the unit under test 
wiiile capturing the entire range of the adjustment. For 
making adjustments to minimize overshoot, jitter, or 
noise, autostore provides visual feedback without which it 
would be difficult to see the effects of adjustments when 
the signal changes become small. For example, for a fine 
adjustment to minimize overshoot, adjustments are made 
so that I he current full-intensity trace is always bounded 
by the historical trace information. Autostore provides 
details down to pixel resolution to verify that the over- 
shoot is truly minimized (see Fig. 2). 

Autostore is also useful for building a set of characteristic 
curves. Coupled with the digital oscilloscope's ability to 
capture single-shot events and view negative time, auto- 
store allows a family of single-shot events to tie captured 
on the screen, the most recent al full intensity. This 
technique can be applied when characterizing single-shot 
events over a range of specified conditions. For example. 
an important criterion for power supply testing is the 
power-up characteristics of the supply over a wide range 
of loads. Fig. 3 shows the power-up characteristics of a 
power supply over the specified range of current capacity, 
with the most recent power-up cycle at full intensity. 



Fig. 2. Minimising i>vers limit h\ ; n i 1 1 r-.r m im b circafl so thai the e a 
!■ ni live traceat full intensiQ is always within the autostored histori- 
cal traces at natftHtensitj 

Worst-case signal variations, such as jitter or noise, are 
easy to analyze using conventional infinite persistence, 
but the current state of the system becomes lost as the 
I races accumulate. This makes it difficult to analyze I he 
effect of any change to the system, such as adjustments, 
component changes, or temperature, relative lo the worst 
case. Autostore solves this by displaying all but I he 
currcnl mice at half intensity. Fig. 4 shows a jittery signal 
wiih the range of jiller al hall' intensilj and I he current 
signal at lull intensity. 

Digital System Troubleshooting 

For digital system troubleshooting, (he ability of autostore 
to capture a hill spectrum of valid and invalid transitions 
is invaluable. For example, the normal read cycle of a 
CPU system results in exactly one device at a time being 
enabled to drive the data bus. If the CP1' occasionally 
reads bad data, two likely causes are either a bus conflict 
or a floating bus. 

Bus conflict results when two different devices attempt to 
drive a data line al the same lime. This conflict may lie 
caused by either a bad bus device or bad decoding of the 
chip select signals so that two bus drivers are enabled al 
once. The result is an invalid voltage level between logic 




Fig. 3. Power-up chararterist u sofa powei SUppij Over Qu S! 
■ range, With the raosl recent cycli at full intensity; 
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Fig. 4 A jii : ■ ■■■ n with tin Itter at half i 

ty and the mosl recent signal at Ml Intensitj 

Levels. This conflict may only occur when different output 
levels are present on each bus driver, resulting in a "soft 
error" that may be difficult to diagnose because of its 
context dependence. The upper trace in Pig. 5 represents 
the read enable signal and Hie lower (race represents the 
data line. Normal bus operation results in the data line's 
being valid — either a one or zero as indicated by the 
markets — on the positive edge of the read enable signal. 
Exercising the system, perhaps with a memory test, 
shows (hat one of the read cycles generated an invalid 
level because of a bus conflict. With autostore. not only 
can die anomaly be captured with half-intensity infinite 
persistence, but also the frequency of occurrence can be 
seen as full-intensity variations. Normal infinite persis- 
tence makes it impossible to see the frequency of occur- 
rence once I he anomaly occurs because there is no 
intensity variation between the infinite persistence traces 
and Ihe current trace Seeing Mir current trace at, full 




Fig. 5 Tin' upper i r.ni Is the rea I enable signal i a I !P1 ' system and 
the low i traces represent data mi the data bus. One of the read 
vi les resulted in an Invalid level on the data bus 



Fig. 6. VCR powei irrent as a rune o ', ■ \. 'It.w 

during power-up 

intensity allows Ihe user to attempt to localize the prob- 
lem, perhaps by using a software test to stimulate differ- 
ent CPU addresses and data values. 

XYMode 

Autostore can be used in any horizontal mode, such as 
delayed sweep or XY. In XI mode, one application of 
autostore is to measure the peak power used by a device 
at power-up or as the load is changed. A current or 
differential probe is used on the Y axis, allowing a 
voltage-versus-current graph to be drawn. A given power 
level is represented by a diagonal on the graph, since 
power is voltage multiplied by current. Autostore allows 
Ihe complete power-up characteristic and the live power 
consumption to be graphed. For example, if a VCR power 
supply were being monitored, power-up arid other VCK 
modes could be selected while autostore captures I lit- 
peak voltage, current, and power excursions. Seeing the 
live trace at full intensity allows the live voltage, current, 
and power to be distinguished from the historical data. 
Fig. 6 show r s the power-up cycle of a digital circuit. The 
power-off point is ai Ihe lower left. The current drawn, 
represented by the Y axis, begins to climb as the capaci- 
tors on the board charge up. Once they arc charged, ihe 
current begins lo fall as the voltage stabilizes. The peak 
power rousumpiion during power-up is captured in lite 
upper rigln corner. Once rli.- system has stabilized, al the 
lower righl in Fig. 6, the user can go on lo observe 
various system features, such as rewinding a tape, to 
examine the voltage, current, and power 1 effects. 

Summary 

Autostore, with its ability to view both historical signal 
changes and the current signal, has munerious applica- 
tions in adjustment, troubleshooting, and design. Simple 
one-button operation eliminates Ihe complexity of analog 
or digital persistence controls, allowing all levels of 
operators a new wa\ nf viewing signals, 
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A High-Resolution, Multichannel 
Digital-to-Analog Converter for Digital 
Oscilloscopes 

This 16-bit, 16-channel DAC is used for microprocessor adjustment of 
fourteen dc signals that control the analog section of the main 
oscilloscope board in the HP 54601 A digitizing oscilloscope. It also 
provides a high-accuracy dc reference for calibrating the vertical gain. 

by Grosvenor H. Garnett 



Ai the time of manufacture, oscilloscopes usually require 
several internal factory calibration adjustments, such as 

vertical gain, trigger hysteresis, and others. Many of these 
calibration adjustments involve applying a precise He 
voltage to the circuit being calibrated. In the past, these 
dc voltages were developed across potentiometers and 

lire calibration was accomplished by having production 
calibration personnel adjus! these poienliomelers while 
observing instrument parameters or output. 

The operation of an oscilloscope often requires operator 
in] mi in control such Functions as trigger level and offset. 
In the pasl this oflen involved adjustment of front-panel 
poienliomelers thai applied acrnrnle dc voltages lo the 
internal circuits of the oscilloscope. 

Digital oscilloscopes have made it desirable to bring 
calibration and operating controls under microprocessor 
control The digital-to-analog converter (DAC) makes this 
possible, since it provides a precision dc output voltage 



from a digital input signal. This article describes a high- 
re. solution, multichannel DAC developed for HP digital 
oscilloscopes. 

General Description 

The multichannel DAC is an indirect type that takes in 
digital sei'ial dala. converts this data to a pulse signal of 
variable rale, widih, and level, and then applies i his signal 
to low-pass lilteis to produce the analog voltage output. 
The DAC is implemented in three circuit blocks — a digital 
section, an output voltage stabilizer section, and an 
output filter section for each channel — as shown in Fig. 1. 

The specifications and characteristics of this DAC are: 

• Number of channels: 1 t i. 

• Maximum resolution: Hi bits. Each channel will operate 
as an n-bit DAC if that channel is loaded with n bits of 
data, wirere n < 16. 

• linearity: 12 bits. 



DACCU 
Refresh Clock 



DIN 
Serial Data In 



BIN 

Data Latch Enable 

DCLK 
Data Load Clock 




Analog 

Output Fig. 1. Blot k diagram " r " tl ■ high 
■i itiim, multichannel, Lndireci 
I dlgitaJ-to inalog con 1 1 rfa i 
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Fig. 2 Filter section inpul wavefom 

• Maximum refresh clock frequency inpul : 20 Ml Iz. 

• Maximum data load chick frequency input: 20 MI 1/ 

• Processor interface: addressed serial data bus. 

• Self-refreshed [requires processor service only when new 
data is loaded ). 

• Input digital signal compatibility: standard TTL. 

• Operating speed: settles to within ± ' : LSB in approxi- 
mately ">ti milliseconds for 16 data hits. 

1 ggital section: custom HP 1SJ2 CMOS DAC IC in a 
(Ui-indi-wide 24-pin plastic dual inline package. 

The 16-channel digital section is implemented in a custom 
21-pin CMOS integrated circuit designated 1S.I2. This IC 



Fig. 3. Filter section input waveform and outpul voltage for 

.DACCLKfl' 
20 MHz. Tl "■'■■ LOO-ns pulse perl 

period 

provides all digital signal processing and outputs a 
precisely controlled variable pulse stream to the outpul 

voltage stabilizer and the output fillers. 

The output voltage stabilizer circuit stabilizes the filter 
output, voltages against variations of power supplies, 
clock duly cycle, and digital output gale liming. It does 
this b\ regulating the -fiVdc supply voltage to the 1SJ2. 
which controls the level of the pulses out of the VS3Z. 
This Stabilizer circuit, which is composed of external 
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Fig, i. Blot It diagr; t the IS32 Integrated i irt mi. whit h Is the digital sceti f the multichat I DAC 
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off-chip discrete components, also provides a means of 
calibrating the DAC. 

One of the 1(5 DAC channels is used to provide an input 

lo the output voltage stabilizer circuit There is an output 
filler section lor each of the Other IS channels. 

The outpui filter section receives the variable rate/width/ 
level pulse string output from the 1SJ2 and integrates it 
to provide the analog outpui voltage. The filters are 
external off-chip discrete components. This type of 
implementation provides the opportunity to reduce 
capacitively or inductively coupled interference by locat- 
ing the output filter at the receiving end of the DAC 
output and using the filler for both outpui smoothing and 
interference reduction. Depending on the needs of the 
channel, this section may only contain a passive low-pass 
filter. It can also contain active elements to provide gain 
and offset and to lower the filter output impedance. 

Operation 

To understand how this type of DAC works, refer to Figs. 
1 and 2. The 1SJ2 DAC IC and the output voltage stabiliz- 
er in Fig. 1 generate a variable rate/width/level pulse 
string in response to the input data. This continuously 
refreshed pulse string is applied to the output filter. 
which integrates the pulse string to produce the analog 
voltage output. 

Fig. 2 shows the outpui filler voltage for a general pulse 
string, where Nj is the number of pulses of width Tj, N^ 
is the number of pulses of width T_>. and so on. Fig. 3 
show's the output Filter voltage for input data bit DO 
(LSB) only high in a 16-bit system with a 20-MIIz refresh 
clock (DACCLK). The output filter average voltage output is 
independent of the DACCLK frequency and the values of R 
and C of the output filter. 

With only a few restrictions, any one of a number of 
different types of low-pass filters can be used for the 
output filter. 



Digital Section Integrated Circuit 
Fig. 4 shows a block diagram of the 1SJ2 IC. All digital 
inputs are TTL-compatiblc. The processor interface is an 
addressed serial data bus. The iupnl signals are: 

• DACCLK. Refresh clock. 

• DCLK. Data load clock. 

• DIN. Serial data in. The data bus are serially shifted into a 
20-bit series in. parallel out (SII'O) shift register. The first 
bit shifted in is the data LSB (least-significant bit). The 
last bit shifted in is the output address MSB (most signifi- 
cant bit). For 16-bit data, the sequence is: 

A3 A2 Al A0 D15 D14 D13 D12 Dll D10 D9 D8 1)7 Dfi 
Do D4 D3 D2 Dl DO 

• DLN. Data latch enable. Latches data bits into the ap- 
propriate transparent data latch inside the IC as defined 
by the address bits. Also, on its rising edge, sets up the 
SIP< > data and address register inside the IC to be cleared 
by the first rising edge of DCLK. 

The variable pulse string out of the 1SJ2 tC is pulse 
width modulated by the eight most-significant input data 
bits and pulse rate modulated by the remaining input, data 
bits. 

The maximum number of outpui pulses from the 1SJ2 IC 
is 256 per DAC word. The period of the DAC word, 
Tworcl. ' s the tmlp required for a counter in ibis IC to 
count 16 data bits. Since the DACCLK clock is divided by 
two in this IC: 

T = 2 1( ' 1 

'word - DACCLK frequency ' 

The period of a 16-bit DAC word with a 20-MHz DACCLK 

is: 



t 1 _ n 111 2 

18 20 MHz 



= 6.553600 milliseconds 



Fig. 5 shows the pulse outputs from the 1SI2 DAC IC 
with different data inputs and a 20-MHz DACCLK. With all 
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Fig. 6. 16-bil synchronous btearj counter and binary rate mult^ilii r enable generator. 



data bits low, the 1SJ2 will not output any pulses (not 
shown in Fig. 5). When the LSB, data bit DO, only is high, 
the 1SJ2 will output one 5V, 100-nanosecond pulse per 
Tword period. When data bit Dl only is high, the 18,12 will 
output two 5V, 100-nanosecond pulses per T wor( j period. 

For each data increase of one LSB, the 1SJ2 will output 
one additional 1 00-nanusecond pulse per T wor( j period 
until data bit D8 only is high. With data bit D8 only high, 
the 1SJ2 will output 256 100-nanosecond pulses (the 
maximum number of pulses) per T won j period. When data 
bits 1)8 and DO only are both high, the 1SJ2 will output 
2 oii 100 nanosecond pulses and one 200-naiiosecoud pulse 
per T W „ W ) period. 

As the input data increases, one of the 1SJ2 output pulses 
will become 100 nanoseconds wider for each input data 
LSB increase. When MSB data bit D15 only Ls high, the 
1SJ2 will output 256 5V. 12800-nanosecond pulses per 
Tword Period, which is the 50 percent duty cycle pulse 
output. When all input data bits DO through D15 are high, 
the 1SJ2 will output one 6.5535-millisecond pulse per 
Tv.uni period, 

As already explained, up to 16 data bits followed by four 
channel output address bits are serially shifted into the 
20-bil SIPO shift register by the data load clock DCLK (see 
Pig. 4), The first bit shitted in is die rial a LSB, and the 
last bit shifted in is Ihe channel output address MSB. 
Since the register is. automatically cleared each lime 
before data and address bits are loaded, fewer than 16 
data bits can be used. 

The data latch enable signal DLN is cycled one time to 
batch the data bits from the SIPO sliilt register into the 
appropriate 16-bit transparent data latch as directed by 



the address bits. The output of each data latch provides 
the data bits to one of the 16-bit modified binary rate 
multipliers. The binary rate multiplier enable generator 
provides the enable signals to the modified binary rate 
multipliers. 

Fig. 6 shows a block diagram of the 16-bit synchronous 
binary counter and binary rate multiplier enable genera- 
tor. The refresh clock DACCLK is divided by two and 
converted to a 50% duly cycle in this block. The output 
count of the 16-bit synchronous counter drives the 16-bit 
binary rate multiplier enable generator, which general es 
the hinary rate multiplier enable pulses. All 16 of these 
pulses are applied to each of the modified binary rate 
multipliers. 

The modified binary rate multiplier is shown in Fig. 7. 
The lower eight data bits along with the upper eight 
enable pulses are applied to a standard binary rate 
multiplier to provide pulse rale modulation. The upper 
eight data bits along with the lower eight enable pulses 
are applied to two four-tut magnitude comparators to 
provide pulse width modulation. 

Each output of a modified binary rate multiplier is 
clocked through a D-Q flip-flop by the negative phase of 
I be DACCLK/2 pulse (Fig. 4). The U-Q Hip-flops drive the 
MOS outputs, which provide the final 1SI2 DAC IC pulse 
modulated output 

Digital signal processing occurs on the positive phase of 
0ACCLK/2, while output pulse gating iiecurs wilh I be 
negative phase Of DACCLK/2. This timing scheme makes the 
digital signal processing liming noncriliral and provides 
precisely gaied < nil p nil pulses from die ISJ2. 
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Fig. 7. Modified binarj rate multiplier. 



Output Voltage Stabilizer 

The output voltage stabilizer circuit plays the major role 
in setting and maintaining the high accuracy of the DAC. 
This circuit uses a high-gain opera! ionul amplifier to 
compare the integrated pulse output voltage of channel 7 



(the control channel) of the ISJ2 to a very accurate and 
stable voltage reference. The output of this operational 
amplifier drives a transistor, which completes the negative 
feedback loop that regulates the positive supply voltage 
lo the 1SJ2. Any small voltage changes at the output of 
channel 7 of I he 1SJ2 are greatly amplified and I hen 
applied back lo the 1SJ2. This negative feedback to the 
1SJ2 posiiive [ nittcr supply controls the pulse level or 
amplitude out of the ISJ2, thereby effectively canceling 
the voltage variations in all channels of the 1SJ2. 

The design of the output voltage stabilizer circuit can 
vary depending on the application, but the gain of the 
operational amplifier should ideally be ISOV/mV or 
greater. 

Fig. 8 shows an output voltage stabilizer circuit designed 
to use the Linear Technology LT1021CCN8-5 precision 
voltage reference. The accuracy and stability of the DAC 
depend on I he accuracy and stability of this voltage 
reference. With this circuit, the DAC can be calibrated by 
loading the control channel (channel 7) with all 16 data 
bits high immediately after each instrument power-up. 

Output Filters 

The output filters receive the variable rate/width/level 
pulse string output from the JSI2 DAC IC, integrate this 
pulse string, and produce the analog voltage output. 

Although a number of different types of low-pass filters 
can be used, the one necessary requirement is that each 
of these fiiters present a load of no less than 100,000 
ohms to the 1SJ2 DAC IC channel output. If the filter 
input impedance at 39.06 kHz is lower than 100,1)00 ohms, 
DAC linearity will he degraded. A typical inverting filter 
that might he used is shown in Fig. 9. A typical nonin- 
verting filter is shown in Fig. 10. 

The filter output voltage change for an input data change 
of one LSB is given in Fig. 1 1 for several data inputs. In 
a typical application, the output voltage bit size is usually 
specified and the number of data bits is calculated. The 
output voltage bit size is given by: 



Output Voltage Range 



'LSH 



_ (Max. Volts Out) - [Min. Volts Out) 
2 n 

where n is the number of data bits. The number of data 
bits can be calculated from; 



log 



Output Voltage Range 



n( bits) = 



V 



Lsn 



log 



Output Filter Attenuation Characteristics 
Since the Output filters receive a pulse string as an input, 
and since these filters have finite attenuation, the analog 
output voltage from these filters will contain some ripple 
frequencies of the input pulse string. 

(continued on page 55) 
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Using the High-Resolution, Multichannel DAC in the HP 54601A Oscilloscope 



The HP546D1 A digitizing oscilloscope requires the microprocessor adjustment nf 
14 dc signals that control ttie analog section o1 the main oscilloscope board [see 
Fig 1} In addition, the HP 54601 A needs a high-accuracy adjustable dc reference 
so that the vertical accuracy can be calibrated within 1 5% The high-resolution 
multichannel DAC described in the accompanying article meets both requirement 
This single IC, with its associated filtering circuitry, allowed the HP 54601 A de- 
signers to reduce board cost, self-calibration time, and cost of ownership while 
ensuring that the oscilloscope can meet accuracy specifications over a wide tem- 
perature range. The 14 dc voltages the multichannel DAC generates control the 
ADC references 121, postamp offsets 12), input offsets [41. programmable preamp 
gains [2). trigger level (1), trigger hysteresis [1 1, time-interpolator threshold (1), and 
time-interpolator slope HI 

Offset voltages are generated by the DAC from an equation of the form y = mx + b 
[see Fig. 2a). Since the offset circuit has excellent linearity, any voltage between 
± 2V can he generated precisely as long as the slope {DAC counts/volt) and inter- 
cept [DAC value for OV] are known. The firmware generates these values during a 

■ : bration by outputting 0V and 3V (the offset circuit has some hesdroomi 
from the dc calibration output into a channel's input Dnce the offset circuit's char- 
acteristics are known, it can be used as the stimulus for the gain portion of the 
vertical calibration instead of the dc calibration output The reason for using the 
offset input as the stimulus is that it is bipolar Therefore, the gain can be cali- 
brated over a larger portion of the screen Not using the dc calibration output 
makes it possible to place the front-end attenuator in the divide-by-20 position to 
reduce the effects of noise coupled into the input via the cable 

The gam for various volts/div settings is controlled through the programmable 
preamp — a linear transistor array The preamp has an attenuation stage | 4- 1, 
-s- 6) and a gain stage (x 1. x2. x 4), which are controlled by digital inputs, as 
well as a continuously variable gain adjustment control led by an analog input This 
analog vernier input is used to calibrate the vertical gam for various 1-2-5 volts/div 
sellings By changing the offset input between ± 3 times the volis/div setting, the 
calibration routine can adjust the vernier control voltage until the two voltages 
show up onscreen exactly 6 divisions apart The same procedure is followed to 
calibrate the foll-down-vernier position of the preamp — that is. the preamp gain 
that results in the next higher 1-2-5 volts/div setting out with the discrete attenua- 
tion and gam stages in the same state. Given these two calibration factors (DAC 
values!, the firmware can generate vernier control voltages for any volts/div set- 
ting between the nominal 1-2-5 gains with the formula 



VCV = VCV,,. + (Gain Ratio) (VCV,.. 



VCV.J 



where VCV = vernier control voltage (DAC value) 

VCVf;j v = vernier control voltage at full-down-vemier 
VCV nv = vernier control voltage at no vernier 
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These formulas assume the gain is linear between the no-vernier and full-down- 
vemter gams of the preamp In reality, there is some nortlinearity in this curve IFig 
2b|. The gain accuracy specification is degraded in this region ( =3.B%I 

re vertical ssr . g the ADC re-- ■■ amp 

offsets, trigger levels io-r e : " /jier hysteresis) takes (ess than 3.5 

minutes in our manufacturing process No external source is necessary and 

" s HP 54601 A. by first 
■ ^g a BNC cable between the dc calibration output B". 
back of the oscilloscope and the channel 3 input Then, when the osetHos 
prompts, the user moves the cable to the channel 1 input, channel 4 input, and 
finally to the channel 2 inpui 

Another calibration using the multichannel DAC is performed every 40 milliseconds 
during normal oscilloscope operation This is the time-interpolator calibration. The 
time interpolator measures the time between the trigger event and the sample 
clock with 100-ps resolution by stretching the interval and counting cycles of a 
high -frequency clock In this calibration, a known pulse width is irtrM to the time 
interpolator by the acquisition processor The firmware adjusts the time interpola- 
tor's slope and threshold until the pulse is stretched and measured at exactly the 
correct width. Calibrating this circuit (instead of just charactering it| eliminates 
the need for a look-up table or equation that tells the acquisition processor where 
to place the data, thereby increasing throughput. This calibration takes approxi- 
mately 1 50 us. 

The HP 54BO0A uses the same DAC IC and algorithms hut uses one DAC channel 
fewer. The channel 3 offset channel is unused, and the channel 4 offset is used as 
me trigger level for the external trigger source. 

Mark P Schnaible 
Development Engineer 
Colorado Springs Division 



Fig. I] gives the filter output ripple voltage frequencies 
(critical frequencies} for the case when the LSB DO only 
is high (and every 256 counts above the LSB only high) 
and when the MSB D15 only is high. These ripple voltage 
frequencies will vary with the frequency of the DAC 
refresh clock. These output frequencies are the fundamen- 
tal frequencies of a rectangular pulse string. The ripple 
frequency that occurs when the LSB DO only is high is 
given by: 



'USB 



DACCLK Frequency 

2x2" 



The ripple frequency that occurs when all data bils are 
high IS given by: 

_ DACCLK Frequency _ 
A " ~ 2x2" ~ ljSli ' 

The ripple frequency dial occurs when the MSB D15 only 

is high is the 50 percent duty cycle pulse output. This 
ripple frequency is given by: 



'MSB 



DACCLK Frequency 
2 x gS 



°$m. 



To determine (he output filter attenuation needed a! ifie 
critical frequencies, one needs to know Hie critical 



frequencies (already given), the peak-to-peak input voltage 
to the filter at each critical frequency, and the maximum 
peak-to-peak ripple voltage allowed at the filter output. If 
the input voltage to the filter were sinusoidal, then the 
calculation for filter attenuation would be straightforward. 
Since this is not the case, some additional calculation is 
required to determine filter attenuation at the critical 
frequencies. 

Fig. 12 represents an input voltage fit) to the filter. The 
time value of voltage f(t) can be expressed as: 



0, 

F{t) = 5. 

0. 



- T + T„ < t < 
< t < T i( 
T <t<T 



For a 16-data-hit sysietn. whan the MSB D15 only is high. 
f(t) will be such that 

t M = T/2. 
When the LSB DO only is high, f(t) will be such I hat 

t„ = 1 and T = 2"\ 

For each of these two cases Ihe fundamental Erequencj 
component of this rectangular pulse string inns! be 
attenuated sufficiently to give the maximum peak-to-peal< 
filter output ripple voltage allowed at each of these 
fundamental frequencies (critical frequencies). The peak- 
to-peak filter input voltages at these two fundamental 
frequencies can be determined with the use of Fourier 
analysis. Using the exponential form of the Fourier series. 



rct)= Ya k , 



jtoat 



k=-« 



when 



,, T " 
= M Ae-' k( ^' n 

J ii 



dt. 



Hence 



f(t) = |J] Ismckrfr^^ 2 *™ 1 

k - - j- 



T /2) 



The pcak-!n-pcak amplitude of Ihe kt.li harmonic Is 

[In-, 



4|a k l = 



kit 



Isiiu.kTtiVT)]! 



volts peak-to-peak. When the MSB Dl- r > only is high, A = 
5V, and T (l = T/2, then the peak-to-peak fundamental 
frequency ( k = 1 ) voltage amplitude is: 



4la k l 



^^lsin[(lilJTMl/2i]| 
- li.:iftlilPT volls 1'ieak- lo-peak. 
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Fig. 11. DAC outpul Blteriiig 
requirements. 



This peak-lo-peak voltage is used to calculate the filler 
attenuation required to keep the (liter outpul ripple 
voltage that occurs at f\isn to some desired level The 
required filter attenuation to give a maximum peak-to- 
peak ripple voltage of ± Vi LSB = Vj^g at f^SB with a 
20-MHz refresh clock is shown in Fig. 11. hi general, 
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Fig. 12 K generic filter input voltage. 



When the LSH DO only is high, A = 5V. T„ = 1, and T = 
j"'. then 1 lie peak-to-peak fundamental frequency f k = 1 ) 
\oltage amplitude is: 

4la k l = ' '^' , sinKDl.-TK-^)]! 

= 305.1757 microvolts peak-tu-peak. 

This peak-m-peak voltage is used to calculate the filter 
attenuation required to keep the filter output ripple 
voltage that occurs when LSB DO is only high (and also 
every 256 counts above DO only high and when all data 
bits are high) to some desired level. The required filter 
attenuation to give a maximum peak-to-peak ripple 
voltage of ± ' : LSB = V'lsis when all data bits are high is 
given in Fig. 11. In general. 
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where 4la k l is calculated for all data bits high. 
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Comparing Analog and Digital 
Oscilloscopes for Troubleshooting 

The analog oscilloscope has remained the troubleshooter's instrument of 
choice even though the digital oscilloscope has replaced it for laboratory 
analysis. However, the analog oscilloscope has limitations, especially in 
digital troubleshooting 

by Jerald B. Murphy 



The oscilloscope is die troubleshooting lool of choice tor 
engineers and technicians because it gives a picture of a 

circuit's operation. This picture, a display erf instantaneous 
voltage as a function of lime, reveals details about the 
circuit's operation Dial can'i in obtained from oilier 
measuring instruments. The analog oscilloscope has 
remained Ihe troubleshooter's instrument of choice, even 
ilumgli the digital oscilloscope has replaced ii in laborato- 
ry analysis applications. Early in the definition phase of 
the HI' 54600 Series oscilloscope project, we set out to 
find out the real reasons behind the remaining use of 
what we believe to be an obsolete technology. A series of 
market research look were applied lo this problem and 
the results of this research gave us a clear picture of 
what was needed to solve these very real needs. 

The research tools applied to this problem were focus 
groups, mail surveys, telephone interviews, and personal 
visits. This research covered oscilloscope users in the 
U.S.A., Japan, ami I he Far Easi. The findings in all of 
these geographic areas wen 1 the same. There are very 
small differences in the application of oscilloscopes in 
these geographically diverse markets. 

Analog Oscilloscopes 

Analog oscilloscopes remain the trouhleshooler's tool of 

choice because of three kej characteristics attributed to 
this technology. The first of these is the highly Interactive 
display, which results from the use of ihe direct-view 

vector CRT. The vector display shows changes in (he 
signal in real lime. Adjustments are simplified because 
there is no delay between a change and the observation 
of the effect on the waveform. Another characteristic of 
the highly interactive display is that complex waveforms, 
such as TV" video and amplitude modulated RF, are 
displayed as expected. 

The second attribute Of the analog oscilloscope I hut 
keeps il so popular is its direct access controls. For 
example. In Change Ihe size of the display, simply turn 
ihe volts/division control. 

The third key attribute of the analog oscilloscope is its 
price. Analog oscilloscope technology is mature and 
price competition between suppliers has kepi prices low, 



Analog uscillnseiipes are not without limitations. The 
hearl ol ihe analog oscilloscope is the vector CRT Tin-- Is 
the component thai gives the analog oscilloscope its 
highly interactive display. It is also the weak link in the 
analog oscilloscope's ability to keep tip with the shifi lo 
digital system troubleshooting and analysis. The liglii 
produced by the phosphor has a very shod lifetime after 
the electron beain has passed. 1 In the case of the most 
commonly used phosphor. P31, the light output decays to 
a level that is just discernible in normal room light in 38 
microseconds. This means thai the electron beam must 
reexcite the phosphor a! a rate I hat is fast enough lo 
keep tin- light output at a level that is visible, II the 
refresh rale drops below '!*'< Ul\/. there will be a dramatic 
drop in light output. This may nol be a problem until 
something like a high-resolution time interval measure- 
mem of a control or handshake line is encountered. In 
this case a fast sweep speed is required, and the signal 
repetition rate is less than ihe rale needed to keep ihe 
phosphor excited. The faster sweep speeds resull in a 
lower liglii output from the phosphor because ihe elec- 
tron beam does not spend enough time al any given 
location lo cause ihe phosphor lo produce ils maximum 
light output Thus, any decrease in refresh rale will have 
:i greater effect on light output. Another factor that can 
reduce the light output of the CRT is Ihe use of delayed 
sweep As ihe magnification Increases, the displa; repeti 

lion rate drops- Even in the case where the main sweep 

display is bright and cris[>, the phosphor's liglii output 
may drop below ihe visible level as delayed sweep is 

applied lo increase ihe timing resolution of ihe displaj 

Another phenomenon that limits the usefulness of the 
CRT is Dicker. When the refresh rate drops below a 

certain minimum, the display will appear n> Hash " ll and 
off (flicker). 1 Although the flicker frequency is a function 
of the specific phosphor used in the CRT. (he apparent 
rate seen by Ihe eye is independent Of the actual rate and 
is approximately 16 to "in Hz. Flicker become-, more 
annoying as ihe display gels brighter This often occurs 
when a fast signal must be viewed at a slow sweeji 
speed, as is (he ease in many digital circuil applications. 1 
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Sweep Time per Division 

Fig. I. Analog illoscop operating area 

Taking these two characteristics of the analog CRT into 
account, a map of useful operating area can be devel- 
oped. Fig. 1 shows a plot of sweep speed as a function of 
input trigger repetition rate. Let's examine this map to see 
how I lie limits were established. Holding the input Signal 
repetition rate constant at a point where a bright crisp 
display will be obtained and decreasing the sweep speed, 
we will reach a point where the display starts to flicker, 
routining to decrease the sweep speed will cause the 
flicker to increase to a point where the display is no 
longer useful. It will eventually decay to a moving bright 
dot The point at which the flicker becomes so bad as to 
cause the display to be unusable is the left-hand limit of 
the operating area. Holding the sweep speed constant at a 
point where the light output and flicker problems arc 
minimized and varying the signal repetition rate, we see 
that as the input signal repetition rate is decreased the 
display becomes dimmer. Once a point is reached where 
the display in no longer viewable in room light, the lower 
limit of the operating area is reached. This limit increases 
as the sweep speed is increased. 

Another limitation of analog oscilloscopes is their inability 
to look ahead of the trigger point. Laboratory-quality 
analog oscilloscopes have delay lines in their vertical 
systems to ensure that the trigger point is displayed, but 
this does not solve the problem when the trigger event is 
at the end of the event to be displayed. This is a very 
common case in digital system analysis. 

Another limitation of analog based oscilloscopes is that 
their measurements are based on analog ramps with 
accuracy specified as a percent of full scale. Often 
greater accuracy is required to determine the cause of 
problems in digital systems. 

Digital Oscilloscopes 

The digital oscilloscope has addressed these problems. 
Digital oscilloscopes make their measurements with 
digital precision, and they have the ability to view events 
that occur before the trigger. In most cases they have the 
ability to place the trigger event at the end of the display 
window, giving the user a full screen of negative-time or 
pret rigger information. 

With their digital storage displays, digital oscilloscopes 
have solved the flicker and low light output problems. 
The present generation of digital oscilloscopes offers a 
bright display but it is rather static. The displays of these 



oscilloscopes are more like a slide projector show than a 
video show Thai is. they are very 7 high-fidelity, but 
changes in the waveform are difficult to observe. Higher 
sample rates offer a partial solution to this problem, bill 
the limiting factor is the processing time required to 
create the image. The present state of the art in digital 
oscilloscopes results in an image throughput rale of less 
than 100 waveforms per second. For this reason these 
instrument s have been widely accepted in research and 
development labs, but they have not replaced the analog 
oscilloscope in troubleshooting and adjustment applica- 
tions, 

ElTeet on HP 54600 Design 

The market research gave us a clear picture of the needs 
of oscilloscope users who were continuing to use analog 
oscilloscopes even when the inherent limitations of these 
oscilloscopes became problems. These users placed such 
high value on the interactive display and direct access 
controls of analog oscilloscopes that they were willing to 
live with their other limitations. The design goals of the 
HP 54600 project were to produce a digital oscilloscope 
that would have the look and feel of analog with the 
pow r er of digital and at a price that was comparable to 
high-quality analog oscilloscopes. The HP 5' 11)00 Series 
oscilloscopes are designed for users who know that they 
need the advantages of a digital oscilloscope but are 
unwilling to sacrifice the real-time performance of analog 
oscilloscopes. 

This design goal resulted in a three-processor architecture 
that relieves the CPU of the acquisition and display 
functions and places those tasks under the control of two 
custom integrated circuits. This new architecture provides 
a display tliroughput of more than one million points per 
second, producing a digital oscilloscope with display and 
control responsiveness equal to that of analog oscillo- 
scopes. 

Fig. 2 is a plot of sweep speed as a function of trigger 
repetition rate for the IIP 51000. The digital display 
system never flickers, so the oscilloscope is fully useful 
at sweep speeds as slow as 5 seconds per division. Since 
the display is refreshed b> a custom processor instead of 
the sweep ramp, the brightness does not decay as the 
sweep speed is increased or as delayed sweep is used. 
The only part of the map that is not covered is the 
high-speed single shot area. This coverage is limited by 
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Fig. 3. Analog oscilloscope delayed sweep 1 1: 



Fig. 4. IIP 54600 delayed sweep displaj 



the 20-megasample-per second analog-to-digita] converter 

system. 

The logarithmic vertical axis of Fig. 2 masks the single- 
shot limitation of the HP 54000 analog-to-digital converter 
system. Single-shot captures are useful for signals with 
bandwidihs of 2 MHz or less. 

HP 54600 displays of slowly changing signals arc pre- 
sented IVee of dicker. Precision liming of control and 
handshake signals can he performed at sweep speeds that 
required a viewing hood or camera with analog oscillo- 
scopes. Figs. 3 and 4 are analog oscilloscope and HP 
54600 displays of the same delayed sweep application. 
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An Introduction to Neural Nets 



Unlike conventional algorithms, neural net algorithms can learn the 
mapping between input and output. Neural nets represent information in a 
distributed, rather than local, way, and can have different topologies 
depending on the application. This paper explains these features, lists 
major application areas, and briefly discusses hardware and software for 
development. 

by John McShane 



Neural nets are a family of architectures used for pro- 
cessing information. Neural nets are often said to process 
information in the same way thai the brain does. This is 
an overstatement. The architecture of a neural net is 
loosely inspired by i he architecture of the brain, but there 
are enormous differences beiween a brain and a neural 
net. The current technology of neural nets is very far 
from being able to simulate even simple brain functions. 

From a technological viewpoint, neural nets are of 
interest because they offer a computational approach Ibat 
may prove to be a very effective way of solving certain 
problems that are difficult to solve by conventional 
means. Conventional problem-solving methods require an 
explicit representation of the mapping between input and 
output. Expert systems, for example, work by first 
making the problem-sohing procedure explicit as a set of 
rules, then implementing these rules in a program. The 
rules constitute an explicitly formulated procedure for 
mapping from inpui to output. This approach works well 
so long as the rules that implement a procedure can he 
discovered. However, it is often very difficult jo discover 
a set of rules that define a problem-solving procedure 
Neural nets offer an alternative approach to an explicitly 
formulated input-output mapping. 

Neural nets do not require that the mapping from input to 
output be explicitly represented in a program. For this 
reason they have been called "nonalgorithmic computing." 
This is misleading, nol to say paradoxical. There are, of 
course, algorithms, but they are different from conven- 
tional algorithms. Conventional algorithms specify an 
explicit procedure for mapping between input and output. 
Neural net algorithms specify a learning procedure for 
adjusting ibe mapping between input and output. Effec- 
tively, the job of specifying an explicit input -output 
mapping in a conventional system is replaced by the job 
of specifying a mechanism thai is capable of learning how- 
to map between input and output. To illustrate this it is 
necessary to consider the structure of a neural net. 

Neural Net Structure 

A neural net consists of a set of processing nodes that 
are connected together. The nodes can be arranged in 
one single layer, with the same sei of nudes acting to 
receive input and produce output Alternatively, they can 
be arranged in two or more layers, with different sets of 




Fig. l. a three-layer neural net. 

nodes receiving input and producing output. Fig. 1 shows 
a three-layer net. 

Understanding how the connections between nodes work 
is the key to understanding neural nets. Each node 
receives input, either from an external source or from 
other nodes in the net, or sometimes from both. The 
input that a node receives from any other node is a 
function (usually & simple product) of the output of that 
node and the weight of die connection between die 
nodes. All inputs are combined (usually by being 
summed). Each node has an activation value. The input 
to a node and its current slate of activation are passed 
through a function f to produce an output value for the 
node. In Fig. 2a die activation value is shown as a 
threshold that Must be exceeded before the node pro- 
duces any output. Two typical output functions are shown 
in Figure 2b. 

The arrangemenl of nodes in a net and the connections 
between the nodes define the architecture of a neural net. 
There are many different types of connectivity. In some 

net-- every mute is connected to every other nude This is 
particularly common in single-layer nets. In nets with 
more than a single layer. I he connections are usually 
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Fig. 2. (a.) The structure of a typical neural net node. Inputs are 
provided by aj ..,,;■ ; ut has a corresponding weight v. 

threshold is 8j, fh) I" '■ typical output functions f. 

between layers, with each node receiving input from 
some of the nodes in the previous layer. 

Neural nets learn how to create a mapping from input to 
output by adjusting the weights on the connections 
between nodes until the output of ttie net meets some 
criterion. 

The major features of neural nets are: 
i Neural nets can leam the mapping between input and 
output, rather than needing to have it specified in ad- 
vance. 
| Each node in a net receives inputs from several o) her 
nodes, which are combined together to determine the 
output oft lie node, 
i There are different net topologies (or architectures), 
which typically have different applications. 

Distributed Representation 

Given some entities to be represented, the most straight- 
forward scheme is a local representation thai uses one 
computing element per entity. Conventional systems 
largely use local representation. Neural nets do not, 
except at the lowest level at which each node responds 
to some particular input feature. Above this level, each 
entity is represented by a palleru of activity distributed 
over many computing elements (nodes), and each com- 
puting elemenl is involved in representing many different 
entities. 

A representation of an entity is built up over time in a 
neural net by presenting exemplars of the entity to the 
net and adjusting the strength of the connection between 
nodes that respond to the exemplar (i.e., nodes that 
respond to a feature contained in the exemplar). Fig. 'i is 
an example of a two-layer neural net that receives input 
lion i a source external to the net and provides output 
from the net. Each node in the input layer responds to 
the presence of a particular feature of the input. Typically 
this will he some very low-level feature (such as a line at 
a particular orientation in a net that is designed to 
recognize letters). Thus, the input of any entity will be 
distributed over several nodes. If the feature to which a 
u< ii lc responds is present in the input, the node is acti- 
vated; otherwise it remains inactive. Each input node is 
connected to various output nodes and activates the 



output nodes as a function of its own activation and the 
weight on the connection between it and the output node. 
Each output node sums all the inputs that it receives and 
produces an output if the sum of the inputs exceeds a 
threshold value. 

Learning in a neural net occurs by adjusting the weights 
between nodes according to principles to be discussed 
below. When a net has learned to represent an entity, 
presentation of the entity results in a particular pattern of 
: a set of nodes. This type of representation 
has advantages and disadvantages. One of its greatest 
advantages lies in the fact that no single input feature is 
critical to the pattern of activation. This means that the 
whole pattern of representation can be recalled given 
only partial input about the entity. This is of particular 
value in partem recognition tasks. 

Learning 

Learning in a neural net occurs by adjusting the weights 
between nodes. In practice, the weights are assigned 
some initial value, which may be random or may be 
determined by some knowledge of what the approximate 
weights are likely to be for a particular representation. 
The net is then given some training input and an output 
is produced. There are two types of learning: supervised 
and unsupervised. 

In supervised learning, there is an external criterion for 
what constitutes a correct output and the net is provided 
with feedback about how close its output is to the 
criterion. The difference between the desired output and 
that produced is computed. The weights arc then adjusted 
according to some algorithm, which is designed to reduce 
the error, typically by a small amount only, between the 
desired output and the output produced. The net then 
receives new input and Ihe process is repeated. Over a 
large number of" training trials, the net learns to produce 
stable output from the input that it receives. A number of 
theorems about, convergence and stability have been 
proven for a variety of learning algorithms. 

In unsupervised learning, there is no external criterion of 
performance Instead, the learning algorithm is designed 




Fig. 3. A two-layer neural aet Input is provided from outside the net 
toai...a n . Output from th<- r t ■ - a e pn u U- I li.\ h . •'.,. The weight, on 
the connection bel ween ;i, and bj is w u . 
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iip search for patients iii the inpui data. Many unsuper- 
vised learning algorithms arc essentially parallel imple- 
mentations of clustering algorithms. Unsupervised teaming 
is useful for exploring patterns that may esdsl in complex 
data, but this method of learning is not usually the basis 
of applications. 

In summary: 

• In supervised learning, neural nets learn by comparing 

I he output produced with some desired output and then 
adjusting the weights on connections to reduce the differ- 
ence between the output produced and that desired. 

• The method of reducing the difference is specified by I he 
learning algorithm. 

Net Architectures 

The learning algorithm and die net architecture are the 
two major features of a neural net. The net architecture 
is the arrangement and interconnections of the nodes. 
The nodes in a neural net ate arranged in layers. There 
can be a single layer that serves as both input and 
output, there can be two layers, one for input and one 
for output, or there can be three or mote layers, in which 
case I bete are layers that do not have direct connections 
in cither input or output. These layers are said to be 
hidden. Their main function is to create intermediate 
representations of the input. 

Single-Layer Nets. The best known single-layer net is the 
Hopfield net. In 1982, John Hopfield 1 published a seminal 
paper in which he showed how to analyze the global 
dynamics of a fully connected, single-layer net, using 
techniques borrowed from spin-glass theory. This intro- 
duced a new set of mathematical techniques to the area 
of neural nets, and had a revolutionary imparl on a field 
(hat had all ratted relatively lillle research interest since 
Minsky and Papesrtr published their critique of pereep- 
irons (see below) in 1969. 

A Hopfield net iniiially Stores a number of patterns using 
a simple learning rule that increases the weight of the 
connection between units that are simultaneously active 
when an input pattern is presented. Hopfield showed that 
the dynamics of such a system could be modeled by 
Lyapunov energy functions 3 and that as the system 
evolves the energy dissipates so that the net converges 10 
a local minimum. This represents a stable point of stor- 
age for the pattern. Once the patterns have heen stored 
the weights are frozen. Hopfield showed that these 
patterns are stable and can be retrieved given fragments 
ill the pattern as input The net can thus act as a con- 
tent-addressable memory. 

Hopfield nets have also been used in soke optimization 
problems."' In these cases, ii is first necessary to create 
an energy function iliat describes a specific combinatorial 
optimization problem, and then construct a net from the 
energy function. Hopfield and Tank 1 *' have obtained almost 
optimal solutions to the traveling salesman problem using 
this technique. 

Two-Layer Nets. Two-layer nets have a direct connection 
between the input and the output layers. Historically, this 
architecture is of considerable importance because it was 
used by Frank Rosenblatt' 1 in the 1950s and 19(30s to 



investigate the ability of neural nets to learn to recognize 
patterns. Rosenblatt called his nets perceptions. Rosen- 
blatt's learning algorithm For a two-layer net ' adjusts the 
weights between the input and output layers in propor- 
tion to i he error between the desired and computed 
outputs, Rosenblatt attempted to extend the same learn- 
iiiu procedure to three-layer nets, but failed to find a 
satisfactory way of adjusting the weights in the bidden 
layer of units. This failure, together with the fad thai 
Minsky and Papert showed in 19G9 that there are funda- 
mental limitations on i lie kinds of patterns that a two-lay- 
er nel can leant to recognize, was largely responsible for 
a loss of interest in neural nets as computational systems 
between the late 19u0s and the early 1980s. 

Multilayer Nets. In the mid-1980s the problem of adjusting 

the weights in a hidden layer of units, which had de- 
feated Rosenblatt, was solved, apparently independently, 
in at least three different locations. The best-known 
solution is that of Rum el hart, llinton. and Williams', 
which is called hack-propagation. The back-propagation 
li-aminy technique paved (he way for serious exploration 
Of the power of nets with hidden layers. These are 
usually called multilayer perceptrons. A huge number of 
applications have been developed around a iniillilayer 
perceptron architecture and some variant of back-propa- 
gation learning. There is also considerable iheoretieal 
i in crest in these nets. 

With a multilayer net the number of hidden units and the 
connectivity of the net become issues of considerable 
importance. These are probably the areas in which (he 
greatest theoretical advance is possible. At present there 
are few general principles to guide the construction of a 
multilayer nel. Many applications simply guess at an 
appropriate number of hidden units, or compare a few 
different specifications for performance. Similarly, the 
degree of connectivity is often determined by ad hoc 
principles. These issues are of considerable importance in 
considering large-scale applications because the learning 
time required is a nonlinear function of the degree of 
connectivity and ihe number of hidden units. 

In summary; 

Single-layer nets can be used to store patients of informa- 
tion and can function as content-addressable memories. 
These nets have been extensively analyzed. 
Two-layer nets have also been extensively analyzed. Their 
learning capabilities and their limitations are well-under- 
stood.. 

Multilayer nets have aroused great interest. They have 
given rise to a range of successful applications. However, 
their properties are no! well-understood. At present, 
there is considerable Iheoretieal research into these nets. 

Neural Net Applications 

The main application area for single-layer nets to date is 
in pattern recognition tasks. Because of their content-ad- 
dressable memory, single-layer nets could also potentially 
revolutionize database applications. However, in practice 

"the perceptrnn ;s alsD sometimes confusingly called the singte-laver pe'eeptron the 
single layer in this case is a single layet of weights between the incut and output layers of 
nodes The growing convention is to use the term "layer" to rsfe'io layers of nodes 
"an layers of weights 
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the performance of a single-layer net degrades when the 
number of patterns exceeds 15% of the number of nodes, 
which makes the system unsuitable for large-scale stor- 
age. Attempts continue to improve the storage capacity of 
single-layer nets. 

Two-layer nets have the longest established line of appli- 
cations, largely i I . the work of Wulrow and Iloff- 
in the early 1960s . They developed a system called the 
Adaline. which is similar to Rosenblatts perceptron, and 
which has been used for adaptive signal processing and 
control systems. For example, the Adaline is widely used 
as an adaptive equalizer in high-speed, digital modem- 
Multilayer nets have given rise to a wide variety of 
applications. These include: 

• Identification of radar patterns 

• Target recognition in sonar images 

• Defection of explosive substances at airports 

• Recognition of Kanji handwrii irtg by PCs 

• Parts inspection in manufacturing 

• Fault diagnosis of engines 

• Classification and interpretation of mass spectroscope 
data 

• Optical character recognition 

• Insurance risk assessment 

• Mortgage risk assessment. 

Despite the diversity of application domains, all of these 
problems are examples of pattern recognition. This class 
of applications may be where neural nets will prove rnosi 
useful. In many pattern-recognition problems it is impossi- 
ble to specify precise criteria for membership of the class 
to be detected (because there arc none). Thus, a probabil- 
istic approach is required. However, a further difficulty is 
that the features used in identifying a pattern often have 
context-sensitive probabilities. Obtaining a precise repre- 
sentation of this Information, as is requited in convention- 
al approaches to pattern recognition, is extremely diffi- 
cult. The ability of a neural net to leant an input-output 
mapping may prove a more practical and more robust 
approach. A good example of this approach is MSuci. 

which was buili by Bo Gutty 8 ai the Stanford Science 
Center, and which classifies mass spectra more reliably 
Uian other methods. 

Multilayer neis are also being extensively explored for 
various aspects of speech processing, The debates in this 
area, in particular, are vigorous between the proponents 
and critics of neural net approaches. 10 ' 11 The nature of 
[lie debate usually revolves around whul il might mean to 
have learned some aspeel of a language. Many neural nel 
demonstrations have been criticized as restricted to local 
problems of language while missing the principles thai 
give language its power, The.se criticisms have some force 
when applied to the demonstrations to date, Kul many of 
the proponents Of neural nets believe that neural nets will 
be built thai can leant to process language significantly 
better than other systems. 

The major problem with using neural nets lor applications 
is setting up the. architecture of I he nel in the first place. 
In most existing applications the architecture of a neural 
nel has been selected in advance of using Ihe net. Al 



present the choice of an architecture is to some extent a 
matte! eiilii-i of inspired guesswork or of trial and error. 
There is relatively little guidance in the neural net litera- 
ture on how to match an architecture — how many layers 
and what degree of connectivity— to a problem. However, 
recent developments indicate that it may be possible to 
allow a net to modify its own architect™. die 

course of learn 

Hardware and Software 

Neural nets employ the principle of parallel computation 

by a layer of nodes (and - se era! layers with 

bidirectional connections S meousiy activating each 

other). To date, most of 'ins parallelism has been simu- 
lated on serial computers. However, it is now possible to 
obtain specialized hardware for neural net applications. 
There are speejal purpose accelerators to speed up run 
time on serial computers, implementations of particular 
networks on VLSI chips, and neurocomp titers containing 
arrays of parallel processors. 

There is an increasing amount of neural net software 
available for rapid prototyping of neural net applications. 
A typical soli ware environment will contain a selection of 
architectures and learning rules. The application develop- 
er need only select the arcliitecture desired and provide 
the itipul lor the net and the exemplars on which the net 
is to he trained. 
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Design Challenges for Distributed LAN 
Analysis 

The design of a distributed local area network management system is 
primarily a problem of data reduction, data transmission, and data 
presentation. HP ProbeView software and LanProbe monitors continuously 
monitor the health of an Ethernet or IEEE 802,3 network to allow the 
diagnosis of complicated problems without dispatched equipment. 

by William W. CrandaU 



Intermittent Faults that cripple Ethernet local area mm 
works (LANs) often cannot be defected by traditional 
network problem-solving techniques. By the time a 
traditional tool like a cable tester or protocol analyzer is 
rolled out to monitor the network, the problem has 
vanished. Users suffer from unreliable LANs while net- 
work managers suffer from the wrath of angry users for 
problems tlie managers are unable to diagnose. 

One solution is distributed LAN analysis. A distributed 
LAN analysis tool taps into a network segment and 
continuously monitors it, tracking use. logging important 
events, detecting errors, and raising alarms over major 
problems. To minimize this tool's interaction with the 
network, it is independent of other nodes on I he network. 
Using a network management console, network managers 
can retrieve information gathered by the distributed LAN 
analysis monitors that have been placed throughout the 



network. Because the monitors provide a history of 
network activity, the sources of transient faults can be 
discovered even alter the network has returned to good 
health. The dala gathered by the monitors ran be ana- 
lyzed to plan for the future of the network. 

Designing a good distributed LAN monitoring system is 
difficult. With several megabytes of data Bowing across a 
typical Ethernet segment every minute, keeping track of 
all of the data that appears on the network would be 
impossible. Thus the distributed monitor must be able to 
filter and store only important information and send it 
quickly and efficiently to the network management 
console. The console must be able to combine the reports 
of many distributed monitors into an expansive view of 
the network's health. Only then will the network manager 
be able 10 solve specific problems and plan for the 
network's future growth. 
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To demonstrate the utility of distributed LAX analysis, we 
will describe how a typical customer of Hewlett-Packard's 

B LaiiProbe distributed LAX analysis system might 
use the system to Grid intermittent network faults. We 
will then discuss the challenges that were faced in 
designing the LanProbe system. 

Case StuiH: Acme. Inc. 

■ ■gin our stndj of distributed LAN analysis bj I ■ 

. ti a typical large Ethernet-based network run by a 
helical firm: Acme, Inc. Acme's networking problems 
are a conglomeration of the problems seen on the net- 
works of HP's medium-size and large customers. As 
shown in Fig. 1. Acme's network is made up of a variety 
of cabling technologies (thick and thin coaxial ral , 
twisted pair, and fiber optic cable) that are tied tog* 
by different interconnect devices (repeaters, bridges, 
routers, and gateways). The network is spread around the 
world in engineering, marketing, manufacturing, and sales 
offices. 

The Anne network is managed with tools like protocol 
analyzers, cable test equipment, and local diagnostic and 
iiioniiorinn -ji'H\;in M"-i of these tools are reactive, that 
is. they are not used until someone calls in with a com- 
plaint. Only then, for example, is the protocol analyzer 
wheeled out of the closet, connected to a network 
segment in the next building, and the problem fotmd and 
fixed. Uncovering the source of many problems requires 
physically breaking the network so that die strategy of 
"divide and conquer" can be used to pinpoint the exact 
location of the physical fault or errant node. 

This type of network management is cosily. Users Suffer 
the expense of frequent and unpredictable network 
downtime. The company pays the price of having the 

network management group dedicated solely to debugging 
the network rather than planning for its growth and 
improving its efficiency. 

Acme decided to place an HP 4891A LanProbe on every 
segment in the network. The LanProbe is a passive 
monitor that listens to all of the traffic flowing past it on 
the network. It collects and analyzes this data and sends 
it to a central management console running the IIP 
ProbeView software. IIP 1990A ProheYiew is a PC-based, 
Microsoft * Windows 3.0 application thai provides a 
number of tools for examining the data that ProbeView 
gets from LanProbe. These tools include network and 
segment maps, statistics, packet trace, event log, cable 
test, and alert man::: 

Each of these tools provides useful information The 
network map is a logical picture of I he layout i>r the 
Ethernet segments, repealers, bridges, routers, and 
gateways that make up the network. Each segment on the 
network map can lie examined in d< tail bj opening the 
segment map. This window shows the name and type of 
each node attached to that segment . 

The statistics tool is made up of four charts that provide 
different views of traffic on the network over time. The 
Quick View (Fig, 2), trends (Fig. 3). and packet size 
distribution charts show what has been happening on the 

segment as a whole while the node traffic chart (fig. I) 
bi iks down the traffic on a node-by-node basis. 



The network manager can capture and analyze raw data 
flowing across the network with the packet trace tool. 
Import. in' events and changes on a segment are recorded 
in the event log tool The network manager can test the 
integrity of a coaxial cable with the cable test tool: errors 
like cable breaks and shorts are quickly found. Finally, 
the alert manager lists high-priority alert messages sent to 
Prob- LanProbes scattered throughout the net- 

work 

Each of these tools is most useful when used interactive- 
ly and in combination with the other tools, as we will see 
below 

Finally. an HP 4992A NodeLoeator was added to each 
coaxial segment. Working together, the NodeLoeator and 
LanProbe accurately determine the locations of nodes on 
coaxial cables. This feature allows ProbeView's segment 
map to show nodes exactly where they are physically 
attached to the segment. This information lets the net- 
work manager quickly find the locations of bad nodes 
and physical network faults like cable breaks and shorts. 

Finding an Intermittent Problem 
While installing LanProbe and ProbeView, the Acme 
network manager spent time working with the QuickView, 
part of the statistics tool (see Fig, 2. ). QuickView^ is a 
"network dashboard" which shows the current, average, 
and peak values for packets sent on the network. b.vtes 
on the network, broadcasts, errors, and so on. The 
network manager can set thresholds for each category. 
For example. Die manager can tell LanProbe to alert 
ProbeView- if the numher of errors on the network is 
more than 20 in a one-second interval. An icon will ring 
and flash on the PC's screen, calling the network manag- 
er's attention to the event. With threshold alerts, problems 

come to the manager's attention it diately, as soon as 

they happen; the manager does not have to go out and 
pin them down. This is crucial if the network problems 
are transient 

Soon after Die Acme network manager set the thresholds. 
an alert appeared. Opening the alerl manager, Ihe net- 
work manager found that the en or threshold on the 
fellow Segment had been exceeded. The manager con- 
nected to the offending segment and looked at the trends 
window (another part of the statistics tool) to see net- 
work activity over the past few minutes, As Fig, 3 shows, 
the error rate had ahead} ifroppi.nl bark to iis normal 
level. Switching to the daily trends window, the manager 
saw a disturbing trend: the error level jumped sharp!} in 
even intervals throughout the day. Anticipating that the 
problem would soon reappear, the manager configured 
node traffic (yet another component, of the statistics tool) 
to gather data for die next several bonis and I hen went 
ont for a long lunch. 

The node traffic data Identified the source of the errors. 
As shown in rig, 4. node traffic provides network statis- 
tics broken down on a node-by-node basis: packets sent 
and received, bytes, broadcasts, multicasts, and errors 
sent, and utilization The manager saw that node FFFFFF- 

FKFFT'F was Ueneialiny almost all oi Die errors. Looking 
in I lie ProbeView log, the manager lead the log entry 
"Had source address FKFFFF-FTFFFI ecu n segment' 
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ami realized that this Ethernet address is valid only as a 
broadcast destination address. Suspecting that a node 
might have been miseonfigured with the bad source 
address, the manager set tip die trace tool to capture 
packets sent from address FFFFFF-FFFFFF. then started 
(lie trace and went 10 a network planning meeting. 

By the end of the meeting, trace had found many packets 
whose source address was the invalid address. As pre- 
sented in Fig. 5, all of the bits in these packets were set 
to one, the 0R0 error-checking value was wrong, and the 
length of the packets was below the minimum length Tor 
an Ethernet packet (a runt), Willi this new information, 
the Acme manager now suspected a cable problem or a 
piece of faulty hardware connected to die net. Since the 
problems were occurring on a coaxial segment, the 
manager invoked the cable lesl tool. A one-shot tesi 
uncovered no problems. so die manager set the cable test 
to run continuously, hoping to catch a transient fault. 

LanProbe's cable test is nondisruptive, unlike other TDR 
cable tests. The LanProbe can accurately find the location 
and nature of the coaxial cable problem and reports ibis 
int'onnalion in the ProbeView log. The log will include a 
message like "Weak short 163 feet away from LanProbe" 
or "table open near LanProbe. (Connected? Missing 
terminator")." When used with the NodeLocator. which 
accurately maps the physical locations of nodes on 
coaxial segments onto ProbeView "s segment map. Probe- 
View can show exactly where the farilt lies, such as 
"between Mike's workstation and the LaserJet III prinl 
server" (see Fig, 6). Traditional cable test techniques 
leave it up to the user lo segment the cable manually to 
in in figure < 'Ut where die problem is. It is a time-con- 
suming, tedious procedure that can force network admin- 
strators lo crawl into the rat'3 nest of wires stuffed under 
the floors and up die columns of modem office buildings. 



Fig. 2 Quir.'kVieu shows the 
current, average, and peak valui 
for packets on the network, bytes 
on the network, broadcasts, 
errors, ami sn mi Tin network 
managerial ^ f 't alarm threshold! 
[or each eati gory 



LanProbe and ProbeView r do away with the mess and 
provide quick answers. 

I'nfortunately, while the trends screen continued to show 
surges in error rates, the cable test continued to report 
no errors. To see if the problems experienced by the 
Yellow Segment were appearing on odter parts of the 
network, the Acme manager connected to LanProbes on 
other segments that were attached to die Yellow Segment 
by a bridge. Tile manager used the same tools (trends, 
daily trends, node traffic, trace, and cable test J but did 
not see the same errors. Suspecting that the bridge might 
be corrupting packets thai ii was passing between seg- 
ments, the manager replaced the bridge and the problem 
went away. The bridge manufacturer identified a faulty 
board as the source of the problems. 

What the Scenario Shows 

Tltis scenario shows many things about distributed LAN 
analysis tools. The Acme network manager was able to 
diagnose a complicated problem easily without leaving 
the office. Solving the problem did not require dispatched 
equipment: in fact, without distributed equipment in place 
to monitor (he health of the network continuously, the 
problem may not have been discovered untU it had 
escalated into a serious, disruptive problem. The value of 
an early warning system is clear. 

Furthermore, since ProbeView uses a graphical user 
interface, many tools can be placed side-by-side on the 
central console. Thus, different views of the network ran 
be compared simultaneously, permitting faster problem 
solving as correlations become readily apparent. 

Design Issues 

The Acme scenario demonstrates how powerful distrib- 
uted LAX analysis systems can be. Ii also sin mid be <iear 



68 February IW2 Hpwli?ll-Parkaril Journal 



©Copr. 1949-1998 Hewlett-Packard Co. 



that they require careful design. On a typical Ethernet, 
several megabytes of data can flow across the wire every 
minute. Unlike a dispatched protocol analyzer, the U9 
console (ProbeView) is detached from a segment monitor 
! l^anProbe) so the design is constrained by the speed of 
the link between the console and the monitor. It might 
seem that the best way to connect those two devices 
would be over the Ethernet itself. But, because a network 
manager will most want to connect to the segment 



monitor when the network is down, the console must be 
able to reach the monitor via an out-of-band serial line or 
modem connection during those times. Thus, while the 
network manager may choose to connect the console to 
the monitor over a fast 10-Mbifs Ethernet connection or 
over a slow 1200-baud modem connection, depending on 
the network's topology and state, the product design must 
always assume tin- worst a 1200-baud link. 
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Furthermore, since the console and monitor are not 
always connected and exchanging data, a distributed LAN 
analysis monitor must be able to collect data efficiently 
for long periods without talking to the console. The 
monitor must be able to alert the console of major 
problems such as physical network faults arid excessively 
high utilization. The console must be usable without being 
connected to the monitor. 

Thus, the design of a distributed network management 
system is primarily a problem of data reduction, transmis- 
sion, and presentation. The network monitor must be able 
to digest large volumes of data from the network quickly 



and store only that which is important [data reduction), 

I he i inn miisi lie able to upload stored data to 'In- 

console compaetiy and efficiently (data transmission). 
Finally, the console must be able to uncompress the data 
to present an expansive and useful view of Hie network 
to the user (data presentation). These design issues are 
illustrated in Fig. 7, 

Cost is also a major design factor because the product is 
distributed and permanent. A network manager can afford 
a protocol analyzer like the IIP 4972A LAN analyzer or 
HP 49S1A network advisor because only a few are 
needed for even the largest of networks. A protocol 
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analyzer can be rolled to the scene of a problem, while 
distributed monitors are most useful when they are in 
place ahead of time, To keen the price down to a point 
where customers will be able to afford a monitor on most 
or all of the tens or hundreds of Ethernet segments that 
one might find in a medium to large network, the design 
must be constrained by the need to keep the cost of 
implementation and manufacture low. 

Data Reduction in the LanProbe 

Consider the problem of node table management on the 
LanProbe. The LanProbe runs a multitasking, dual-proces- 
sor, real-time operating system. As packets are pulled u!T 
tlie Ethernet, they are passed to various hisks. which 
generally correspond to ilie visible tasks on ProbeView 
I see Fig. 8). 

One of these tasks is the node table manager. This task 
checks the source address of each packet to see if thai 
node's address already exists in its node table. If not . it 
adds it. Since Ethernet addresses are six bytes long, there 
are potentially about 2.8 x 10" Ethernet addresses, many 
more than one could fit into a node table. Thus, the 
number of nodes that the LanProbe can know about nuisi 
be a subset of thai total. Even if the node table is very 
large, it still can Till up as stray or invalid source address- 
es are sent across the network and as network equipment 
is added and moved. Therefore the monitor needs .-, 
scheme that periodically thins out the node table to keep 
- in ,ni i ii eclli iv. ing 

LanProbe's solution is provided by node aging. The 
network manager sets a time limit (from 3 minutes to : < ( ' 
days). If lanProbe does not see a packet from a node 
within thai time period, the node is marked for deletion 
from the node table. By setting a long time limit, the 
manager makes sure thai outdated nodes are pruned from 



the network over time. By setting a short time limit, the 
manager can see if important nodes like a tile server 
have stopped transmitting. 

Every 30 minutes, LanProbe also marks for deletion any 
"stray nodes" in the table. Stray nodes are nodes from 
which LanProbe has seen less than four packets. This 
generally means thai the source address was part of a 
garbage or stray [jacket. When the tahle is nearly full, the 
marked nodes will lie deleted hy a background garbage 
collection process. If the network Ls extremely big, the 
node table will lock when full and no new nodes will be 
added. Balancing HP's experience with large networks 
wilh LanProbe's memory constraints, the size of Lan- 
Probe's node table was set at about 2.300 nodes. 



Data 



Monitor 

ItanProbel 

► Network 



Console 
I ProbeView I 



Connection 
Speed 



IQMhils/s 0.002 Mbits/s 



Data 



Data 



Data 




Reduction Compression Expansion 



L 



^ 



% 



Dm 

Interpretation 



The User 

Fig. 7. Design issues for distriUuied LAN analysis; data redm tion, 
compression, and expansion 



I'.-trun li'.i:: II. ".-.Ire 1 ';ic-kani Journal 71 



©Copr. 1949-1998 Hewlett-Packard Co. 



LanProbe's node table management is a good example of 
data reduction in a distributed network monitor. It shows 
that the monitor needs to know what is important and 
how to store it neatly. The monitor must have good 
strategies for dealing with information overload. Further- 
more, it must be able to identify what is mast and least 
important so that it can know r what can be thrown away 
safely. 

But perfect data reduction is impossible. For example, 
instead of locking the node table when it fills, it might be 
better on some networks to toss out some old entries to 
make room for new ones. The choice is subjective. As 
LanProbe has been installed at more customer sites and 
on more varied network topologies, HP has changed some 
of its data reduction algorithms to fit a wider class of 
networks. 

hi an early implementation of the LanProbe firmware, 
when the node table filled, if the nodal aging scheme did 
not prune enough nodes from the table, the whole table 
would be flushed and rebuilt based on data seen later on 
the network. Since Ethernet segments on well-planned 
networks generally contain traffic from less than 2,000 
nodes, it was difficult for HP engineers to test this "fill 
and flush" node table management algorithm on live 
networks. But one early customer had a very large 
network that was poorly partitioned. Thus LanProbe saw- 
packets from more than 4,000 different source addresses. 
When the node table filled, the table was flushed, only to 
be rapidly refilled and flushed again. The LanProbe 
wasted time building up and tearing down the node table 
and ProbeView was consumed trying to keep up with the 
volume of changes on the LanProbe. 

Based on this customer's experience, new algorithms 
were explored. One alternative was to keep track of the 

Ethernet or IEEE 802.3 

tanProbe 




Real-Time Kernel 

Fig. 8, HP LanProbe internals and tasks. 



time at which each node had last sent a packet on the 
network. When the node table was nearly full, I he Lan- 
Probe would delete nodes in the reverse order of their 
last transmission: the nodes that had not sent data for the 
longest period of time would be deleted first to make 
room for newer nodes. This algorithm is similar to the 
least recently used (LRU) algorithm used by many operat- 
ing system page table managers. 

Bin there were drawbacks to this approach. Keeping 
track of the time at which each node last transmitted 
took about 8K bytes of valuable LanProbe memory. 
Storing and sorting this data and purging nodes from the 
table was time-consuming. Furthermore, as in the "fill and 
flush" approach, if data from the nodes that were purged 
did reappear on the network, log entries indicating that a 
"new" node had been seen on the network would be 
generated. ProbeView would recognize these "new" nodes 
as ones that the LanProbe had seen before and would 
ignore them. But this meant that ProbeView and Lan- 
Probe would stiD be bogged down exchanging information 
that did not help the network manager. 

Another alternative was to increase the size of i he node 
table. While this change does not improve the "fill and 
flush" algorithm, it reduces the chance of the node tables 
filling in the first place. Unfortunately, cost constraints on 
the LanProbe kept this change from being implemented. 

Therefore, the alternative of locking the node table when 
it fills was implemented. The great disadvantage to this 
"fill and lock" approach is that new nodes transmitting on 
the network will not. be tracked by the LanProbe after the 
node table has filled. But it avoids the memory and 
performance problems of the other options and keeps the 
LanProbe from being overwhelmed by processing "new" 
nodes and then communicating that information to 
ProbeView. HP's experience is that if data from more than 
2.000 nodes is seen on a segment, the network should be 
reparfitioned, using intelligent bridges and routers to 
replace dumb bridges and repeaters. Given this opinion, 
this node table management algorithm is a good one. 

Data Transmission 

As stated earlier, LanProbe and ProbeView can communi- 
cate on either a fast network connection or a slow serial 
or modem link. Having the out-of-band serial or modem 
connection is vital. Without it, the network manager 
cannot connect to the distributed monitors when the 
network is down. However, having a slow-speed alterna- 
tive means that the distributed LAN analysis system must 
be designed to work well regardless of the speed of the 
connection. This requirement holds true especially when 
large amounts of data are being uploaded from the 
LanProbe to ProbeView for immediate display lo the user. 

One tool that needs to display its information quickly is 
packet trace. With the packet trace tool, the network 
manager can tell ProbeView to have LanProbe capture all 
or a filtered set of the packets being sent across the 
network. For example, if a user calls to complain thai a 
diskless workstation is not booting from a server, the 
network manager can trace all of the packets sent to or 
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front that workstation, decode the packets, and diagnose 
the problem. 

LanProbe can rapture up to 600 packets or 250K bytes of 
data. Depending on the volume of traffic on the network 
and the types of packets the user has chosen to capture, 
the LanProbe trace buffer can fill quickly (in less than a 
second) or slowly (over hours or days). If the buffer fills 
slowly, packets can be uploaded to ProbeView as they are 
captured. The speed of the cnnneelion belween LanProbe 
and ProbeView is unimportant 

However, If the buffer fills quickly, the connection speed 
is crucial. ^.">Uk hyles of data can be senl over a lypical 
TCP/IP Ethernet file transfer connection in less than ;i 
minute. Over- a 1200-baud connection, il could take 34 
minutes 01 longer to upload the data to ProbeView, 
especially if other information is being exchanged be- 
lween LanProbe and ProbeView. 34 minutes is too long to 
wail when the network manager wants to see the packets 
immediately. 

Thus the liinProbe system designers had to find a faster 
wa\ i" prrsont tin' hare dala lo I he user. The solution: 
as packets are captured, they are not uploaded sequential- 
ly in their entirety to ProbeView. Instead: 
• The LanProbe first uploads the lime the packet was seen, 
i he total length of the packet, whether it was a valid pack- 
et or an error packet, and the first 138 bytes of the packet 
(which contain the Ethernet source and destination ad- 
dresses and the packet t.\pe or length, depending on 
whether the packet is an Ethernet or IEEE 802.3 packet, 
and probably all of the protocol layer headers). I 'robe- 
View uses this information to fill in the header and the 
body of i he "noleeard" in I he trace display (see Fig. 9). 



When the LanProbe finishes sending the header informa- 
tion for each captured packet, it starts sending the data in 
the packets. Il divides each packet further into 138-byte 
chunks and, should I here be more data in the packet to 
send, uploads the second 138-byte chunk of the firsi 
packet, then of the second packet, the third packet, and 
SO on. It then goes back to the first packet and, if there is 
more data from the packet to upload, sends I he third 
138-bylP chunk, and so on. 

If new packets are captured while data chunks are being 
uploaded, header information for the new packets are 
sent to ProbeView before an> more data chunks are senl. 

This technique works because it gives the network 
manager the most important informalion first In living to 
diagnose I he diskless workstation's failure lo bool, the 
network manager wants to know right away if ihe work- 
station is sending correctly addressed bool requests and if 
it is getting any responses. This information is included in 
the header data sent to ProbeView 

Only w r hen those questions are answered will the network 
manager want to start looking through ihe contents of the 
packet Since ihe most revealing data (the headers for t he- 
transport and higher layers in the network protocol stack) 
arc- at the front of the packet, most network managers 
will want to look ai the data in the first part of each 
packet before looking at the data in the subsequent part 
of any packet. Thus uploading the data in chunks makes 
sense. 

Note the difference in the rate at which the network 
manager sees the header information using a straight 
upload versus Ihe LanProbe algorithm. If ten 1500-byte 
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Fig. 10, HP ProbeView is a collection nf Y.i> r. <\\ Windows 3.0 
applications. 

packets and then one (>4-byte packet were captured and 

uploaded sequentially in full over a 1200-baud link, the 
network manager would have to wail for more than two 
minutes to see anything about the eleventh packet With 
the LanProbe algorithm, the manager waits only 12 
seconds. Furthermore, if the manager scrolls directly to a 
packet whose header has not ben updated, ProbeView 
will request thai packet's header immediately I torn the 
LanProbe, 

But there are times that lite network manager would like 
to see the full contents of a packet immediately, rather 
than wailing for the upload of the entire trace buffer lo 
complete. Accordingly, the system is designed so thai it" 
the user is in Hex/ASCII mode and scrolls through a 
particular notecard in the trace window, and if all of the 
data that the user wants to see in that packet has not 
been fully received yet, I 'robe View will request the 
remaining data from the LanProbe. LanProbe will respond 
lo Hie urgent request by uploading the data immedialely. 

The trace upload algorithm was implemented because the 
out-of-band serial or modem connection between Lan- 
Probe and ProbeView is too slow for a simpler "upload 
everything in the order it was received" approach to 
work. The design of the algorithm was dictated by the 
needs of network managers: information is sent in order 
of importance to the manager. The algorithm is flexible 
enough to recognize when the manager wants to see data 
i hat has not been sent yet anil to send thai data right 
aw-ay. Providing this sort of Intelligence and efficiency is 
key to making data transmissions between distributed 
LAN monitors and the network management console work 
well. 

Data Presentation 

Presentation of the data gathered by the LanProbes is 
handled by ProbeView. ProbeView is a collection of 
Microsoft Window's® 3.0 applications (see Fig. 10). When 
the network manager starts ProbeView. the ProbeView 
data link is also started; this application provides reliable 
network transport connections over L'DP/IP and reliable 
serial link connections. The data link runs in the back- 
ground and is invisible to the user. The alert manager. 
which displays wanting messages that are generated when 

Microsoft is a U S registered trademark of M Ctpsoft Cot- 



LanProbes deled serious errors, is started when the 
manager selects the alert manager tool in ProbeView or 
when ProbeView gets an alert from a LanProbe. The 
applications that make up ProbeView use a message- 
based interface to share information. 

ProbeView has a modular design. Multiple applications on 
the PC share the common data link transport. The trans- 
port works over different media (Ethernet, serial, and 
modem connections! but is transparent to the higher-level 
applications. The transport supports a primary connection 
between ProbeView and one LanProbe, but it can also 
support several inbound alert connections from other 
LanProbes. Thus I lie manager can get alerts sent by 
LanProbes throughout the network even while looking at 
a single segment. The separation of the alert manager 
from ProbeView makes it easier and faster for the user to 
gel and manage alerts. ProbeView's modular design means 
that it is easier to enhance, test, and support, which leads 
to a more reliable and useful product 

The netw r ork manager works with the ProbeView window 
showm on the screen. White graphical user interfaces are 
easy lo use, most do not have ways of neatly coupling 
related applications that run in different wdndows. Probe- 
View solves these problems with its "tools" model. A tool 
is one or mote windows that provide a particular feature 
(for example, the network map and segment map win- 
dows together form the map tool). When the manager 
selects a tool, ProbeView's menu changes to reflect the 
menu choices available for that tool. Some menu selec- 
tions such as exit ProbeView, connect to LanProbe, help, 
and ProbeView options arc common to all tools. The 
tools model is a convenient way of tying together differ- 
ent actions and displays: it saves memory on the PC and 
improves performance relative to having all of the tools 
run as stand-alone applications. It also means thai several 
tools can be aligned on the screen so that information 
from many tools can be seen at once, permitting faster 
problem solving as correlations become immediately 
apparent. 

All of the tools share a common database. This database 
is built from information supplied by the network manag- 
er and by Ihe LanProbes to which ProbeView connects. 
Each lime ProbeView connects lo a LanProbe, the two 
systems identify changes in common pans of Ihe data- 
base and synchronize those areas. The ability of Probe- 
View and LanProbe lo synchronize quickly and accurately 
is an important part of good distributed network manage- 
ment. Without synchronization, the ProbeView tools mighl 
present incomplete or outdated information to the man- 
ager. 

The ProbeView- tools provide different views of common 
information in the database For example, each node on a 
network is physically attached to only one segment. But 
if data sent by that node is passed to other segments and 
is heard by several bin Probes, that node will appear on 
the segment maps of several segments. (The LanProbes 
have no way of telling whether the node is connected to 
the local segment or if data from that node is being 
forwarded by a bridge, repealer, etc.) Thus ProbeView 
depends on the network manager lo tell it where a node 
physically resides. 
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Therefore, the network manager is allowed to place a 
node on a segment with the map tool. Placing a node 
means it is physically attached to that one segment. 
Probe View- automatically removes that node from the 
other segments on which it used to be visible. By pulling 
this placement information out of the database, the node 
traffic window of the statistics tool can display which 
nodes have been placed on the current segment. This 
information is useful for identifying if heavy users of a 
segment are on the current segment. If heavy users are 
not located on the current segment, there may be a need 
to reconfigure the network topology. This is all part of 
the data presentation done by ProbeView: from a com- 
mon store of data, the ProbeView tools present multiple 
views and interpretations. 

Distributed LAN Analysis as a Planning Tool 

Traditional network management tools are not good 
planning tools. Most Ethernet management tools are fault 
management tools and help with fault detection, isolation, 
and recovery and perhaps some performance monitoring. 
General network management needs to be more compre- 
hensive to include not only fault management but plan- 
ning, configuration, security, performance, and more. 

Distributed LAN analysis can fill one of these needs: 
planning. Because distributed network monitors provide 
historical data, it is easy to collect data over time and 
analyze past network performance to plan for the future. 
This planning can include capacity growth, changes in 
network topology, and reliability improvements such as 
the identification and replacement of error-prone nodes, 
segments, and interconnects. But as always, the distrib- 
uted LAN analysis system must know which data is 
important and how to store it compactly. One distributed 
network analysis product collects data in a central 
database. A customer reported that this database grew by- 
four gigabytes per month! Even if enough disk space 
were available to store that volume of data, there would 
probably be too much of it to analyze well. This experi- 
ence emphasizes the importance of good data reduction 
at the source. 

ProbeView is designed to be a planning tool, as the 
following example illustrates. In laying out a large net- 
work, network managers use many strategies to improve 
network performance and reliability. For example, related 
nodes are clustered together — engineering nodes are 
located on the engineering segment, separated from the 
rest of the network by a router. By partitioning the 
network, users get faster access to local resources like 
servers and printers, network backbones are used less. 
and errors and crashes are localized. For example, if the 
marketing segment goes dowm, users on the other seg- 
ments will not be affected. 

Well-designed networks work fine at first, but over time, 
entropy sets in. For example, a new support group might 
move into space vacated by engineering. The marketing 



group might begin to run graphics-intensive demos on 
local workstations booted front engineering and support 
servers. Administrative functions might be consolidated so 
the volume of traffic and number of nodes on the admin- 
istration segment increases sharply, along with wide area 
network (WAN) traffic. The benefits of partitioning the 
network are lost: local performance drops, the backbone 
becomes clogged, and network or node downtime on one 
segment will take down the whole company, not just one 
department. 

Distributed LAN analysis can come to the rescue in such 
siniations. The network manager already uses the distrib- 
uted LAN analysis system to connect to various segments 
by hand to diagnose existing problems and get a current 
view of the network. But to plan for the future, the 
manager needs to build up a good store of information 
over time and analyze it offline. 

The network manager can use ProbeView's Autopolling 
feature to automate this data collection. Autopolling can 
be configured to connect to each segment on the network 
in turn each day. After uploading new log entries and 
synchronizing the distributed database. ProbeView gathers 
and exports segment map. log, trends, daily trends, and 
node traffic data. This new data is appended to the end 
of the existing export files. These export files can be read 
into a database manager or into a spreadsheet like 
Microsoft Excel for further analysis. HP provides some 
Excel macros to solve some problems. For example, 
simple analysis can find configuration errors like dupli- 
cate IP addresses. More sophisticated, network-specific 
analysis can detect problems like: 
i A large volume of client/server traffic running across a 
backbone segment (solution: partition the network to 
isolate clients and servers onto the same segments ) 
Overburdened segments and devices like the administra- 
tion segment and the WAN gateway (solution: repartition 
segments, add new devices, or increase their capacity ), 
Overly high levels of broadcast and multicast traffic, 
which can significantly slow network performance (solu- 
tion: change configurations or software on nodes sending 
too many broadcasts or multicasts). 

ProbeView provides network managers with the informa- 
tion they need to analyze and plan for the future of their 
networks. It does SO in a way that cannot be matched by 
a dispatched protocol analyzer or performance tool that 
provides a short-term view of a small part of the net- 
work. 



February lfliffi Hewlett-Packard Journal 75 



©Copr. 1949-1998 Hewlett-Packard Co. 



Poor Network Partitioning 

On a poorly partitioned network, when a node sends a packet, the packet will be 
seen on nearly every segment in the network, rattier than being limited only to Hie 
segments necessary to get the packet from its source to its destination Tins pack- 
et filtering and muting capability can be provided by segment interconnect devices 
such as intelligent bridges and routers. These interconnects watch the traffic on 
the network, figure out where nodes are located, and then filter traffic accordingly 
Thus if a bridge hears node A and node E transmitting on port 1.. and rf n then 
hears a packet sent from A to 6, the bridge will not send a copy o( that packel on 
to port 2 This reduces the leuel of unnecessary traffic on the Ethernet segment 
attached to port 2 

When a network grows quickly without extensive planning or when cost is very 
important, low-cost repeaters and dumh bridges may be included in the network 
While easy and cheap to add. these devices do not have the same sophisticated 
packet filtering capabilities as do their more expensive cousins. They pass on all of 
the data that they hear on one segment to all other segments to which they are 
attached. 



Conclusion 

Distributed LAN analysis can solve network problems. By 

continually monitoring an Ethernet LAN and by compiling 
a record of network activity, the HP LanProbe distributed 
LAN analysis system allows network managers In solve 
intermittent faults and plan network growth. This system 
does so with distributed analysis monitors that watch 
network traffic, store important information and events, 
and compactly transmit this data to a network manage- 
ment console that presents a multifaceted, expansive view 
of network activity. LanProbe and Probe View allow 



network managers to easily Identify and fix network 
problems as well as analyze the network as an aid to 
planning its future. 

LanProbe and ProbeView work because they have been 
designed to handle the problems of distributed IAN 
analysis: data reduction, transmission, and presentation. 
LanProbe continuously analyzes the volumes of data 
Bowing across the network, capturing only the most vital 
parts of it. It has well-defined strategies for avoiding and 
handling information overflow, LanProbe compactly 
transmits its tlata to ProbeView using adaptive algorithms 
designed to work well over both fast and slow connec- 
tions. ProbeView. taking advantage of its graphical user 
interface and common central database, gives the net- 
work manager many tools with which to solve network 
ailments and to plan for growth. 
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